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Nuclear Magnetic Resonance (NMR) is a physical effect involving the 
interaction of electromagnetic radiation with atomic nuclei within a constant 
magnetic field. This effect can be used to obtain information of tissues or 
materials in different ways.   
The first NMR experiments on liquids and solids have been performed 
independently by Felix Bloch and Edward Mills Purcell, for which both of them 
received the Nobel Prize in Physics in 1952. By introducing short, high intensity 
radio frequency (RF) pulses and Fourier transformation to NMR, Richard Ernst 
revolutionized the sensitivity of NMR spectroscopy (Nobel Prize in Chemistry, 
1991). Paul Lauterbur and Peter Mansfield implemented position dependent 
magnetic gradients on top of the static magnetic field in 1973, which allowed 
the reconstruction of spatial distribution of spins. With this development they 
were able to acquire the first in vivo NMR images (Nobel Prize in Medicine, 
2003). From then on NMR developed enormously. 
For clinical applications the name “Nuclear Magnetic Resonance” was changed 
to “Magnetic Resonance” (MR) to avoid any negative and misleading 
associations with the word “nuclear”. 
Magnetic resonance imaging (MRI) is widely applied to image tissues and 
organs in the body for medical diagnosis. Magnetic resonance spectroscopy 
(MRS) is used to evaluate molecular structures and metabolism of living 
objects. NMR spectroscopy refers to the same method as MRS, but is mostly 
used in the context of the investigations of crystals, material structures, (body-) 
fluids and ex-vivo tissue samples. 
Even though MRS is the older method, the development of MRI has been the 
breakthrough of MR in clinical practice. MRS is mainly used as a research tool 
for preclinical and clinical studies, but is less common in medical diagnosis. 
This is primarily because of lower sensitivity due to the lower level of the 
measured metabolites in comparison with MRI, which measures the much 
higher water signal. Furthermore MRS requires very high field homogeneities 
and is sensitive to motion, which makes it more challenging to acquire data 
robustly.  
In this thesis MRSI of the prostate MRS and metabolic imaging of muscle tissue 
are performed. 
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Prostate MRS 
Prostate cancer is the second most common cancer and the fifth most common 
cause of cancer related death in men (1). With increasing age of the population 
and more regular application of prostate specific antigen (PSA) blood tests, the 
incidence of prostate cancer is rising. However, not every man having prostate 
cancer will also die of this disease. Although the vast majority of prostate 
cancers remain indolent many of them are treated to avoid any risk of 
uncontrolled progression. However, as treatments may result in undesired side 
effects it is a clinical problem, which cancers have to be treated. In case of 
indolent tumors active surveillance or watchful waiting may be a better 
alternative than active treatment of prostate cancer. Hence, the determination 
of tumor aggressiveness is a very important clinical issue. Several studies 
indicate that a multi-parametric MRI (mpMRI) approach is optimal to detect, 
localize, stage and characterize tumors in the prostate non-invasively. MpMRI 
currently includes T2-weigthed MR imaging, diffusion-weighted imaging (DWI), 
dynamic contrast-enhanced MR imaging (DCE-MRI) and 1H MR spectroscopic 
imaging (MRSI) (2).  
 
 
Figure 1.  MRSI of the prostate. a) Typical prostate MR spectrum of tumor tissue with increased 
Cho level and decreased Cit signal. b) MR spectrum of nonmalignant tissue. Besides Cit, Cho, Cr 
and Spm also Tau and mI are detected. These spectra were acquired with a GOIA-sLASER 
sequence at a TE of 88ms, with an endorectal coil. Source: (4). 
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With MRSI the proton signals of metabolites in the prostate, in particular 
spermine (Spm)) are detected. In tumor tissue, the levels of citrate are lower 
than in healthy tissue, whereas choline levels commonly are increased. 
Therefore, the ratio of choline over citrate (Cho/Cit) is an attractive biomarker 
to detect prostate cancer (3).  
Prostate MRSI often suffers from signal contamination originating from tissue 
outside the organ, especially from surrounding lipids.  These lipid signals can 
overlap with those of citrate and cause uncontrollable phase effects. This is a 
problem for quantification and tumor characterization, especially at the 
margins of the prostate. Furthermore, acquisition times of prostate MRSI are 
often relatively long compared to MRI sequences. 
 
 
31P MRS of muscle tissue 
Besides protons also other NMR sensitive nuclei can be used for MRS 
measurements, of which phosphorus (31P) is most often used. An interesting 
application of 31P MRS is the investigation of in-vivo energy metabolism, e.g. of 
muscle, brain or liver (Figure 2).  
 
Figure 2 In-vivo 31P MR spectrum of the human quadriceps femoris, taken with a free induction 
decay sequence at 7T. Source: (5). 
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Adenosine triphosphate (ATP) is the main energy currency for metabolism in 
cells. In cases that large amounts of ATP are needed fast within organs with 
high energy demands, it can be supplied out of phosphocreatine (PCr) and 
adenosine diphosphate (ADP) by the creatine kinase reaction. PCr serves as an 
energy buffer for fast regeneration of ATP. The process of creatine kinase is 
reversible. When not much energy is needed, ATP produced by mitochondria 
or glycolysis can be converted to PCr. Unfortunately, the intrinsic NMR 
sensitivity of 31P nuclei is only approximately 10% of that of protons, and the 
number of phosphor nuclei per compound is also lower than that of protons. 
This results in a lower sensitivity of 31P MRS than of 1H MRS, leading to longer 
acquisition times or lower spatial resolutions. 31P MRS is attractive to follow 
dynamic processes in energy metabolism such as during muscle contraction, 
but its low temporal resolution may be problematic in some cases. 
 
 
Outline of this thesis 
The general aim of the work presented in this thesis was to develop novel MR 
sequences, which enable us to obtain metabolic information in a faster and 
more robust way. In particular new methods of 31P metabolic imaging and 1H 
prostate MRSI are addressed. 
In chapter 2 a brief introduction into the basic principles of Magnetic 
Resonance Imaging and Spectroscopy is given. Furthermore adiabatic 
radiofrequency pulses and k-space sampling techniques, relevant to this thesis, 
are briefly described. 
Chapter 3 introduces a novel technique for fast imaging of x-nuclei 
metabolites. With dynamic selective 31P imaging of the muscles of the upper 
leg at 7 T, multiple metabolites can be visualized simultaneously. This concept 
of dynamic metabolic imaging can be applied to other organs and further 
expanded to other MR-detectable nuclei and metabolites. 
The dynamic visualization of energy metabolism is also the subject of the work 
described in chapter 4, in which localized 31P MRS of a 12.5ml voxel inside a 
mouse skeletal muscle is performed at 7T. This is achieved with a SPECIAL 
acquisition sequence in combination with a GOIA-WURST(16,4) pulse to 
1. 
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overcome RF inhomogeneities and increased chemical shift artifacts in slice 
selective localization caused by the high magnetic field.  
A major innovation is the implementation of GOIA-WURST(16,4) pulses in a 
semi-LASER sequence for optimized 1H prostate MRSI with an endorectal coil 
at 3T, which is described in chapter 5. The resulting localization accuracy and 
the reduced chemical shift displacement error minimized spectral lipid 
contamination. Together with the optimized sequence timing, the GOIA-
sLASER sequence facilitates robust MRSI with improved SNR throughout the 
prostate. 
The better SNR in the prostate MR spectra obtained with the GOIA-sLASER 
sequence can be exploited for a higher resolution or to acquire a 3D MRSI in a 
shorter time. This can be realized by combining the GOIA-sLASER sequence 
with a spiral k-space sampling technique, which is work described in chapter 
6. 
Alternatively the improved SNR can be used to perform 1H prostate MRSI 
without an endorectal coil at 3T. By not using an endorectal coil the repetition 
time and therefore the measurement time of prostate MRSI can be reduced. 
Furthermore, because of uniform signal detection over the prostate with body 
array coils we were able to generate metabolite maps of the prostate, results 
that are described in chapter 7. 
In chapter 8 the work presented in this thesis is summarized and discussed.  
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Basic principles of MR 
MR makes use of an intrinsic property of elementary particles, and therefore of 
atomic nuclei, called spin. The existence of spin can only be explained by 
quantum mechanics (QM). MR can also be described by QM, and for its 
quantitative description QM is even necessary, but for basic MR understanding 
QM is not needed. Moreover the attempts to explain basic MR phenomena 
with QM are often wrong, such as the eigenstates model with spins having 
either the direction spin up or spin down (6). That is why in this book it is 
chosen to explain basic MR physics mainly using classical mechanics, 
sometimes with a small link to QM (6,7).  
 
All atomic nuclei have a spin, which is an intrinsic form of angular momentum ! 
(8) (bold letters represent vectors). Here we will focus on spin ½ nuclei, such as 
1H, 13C, 19F and 31P. Besides spin, atomic nuclei also have a magnetic moment !. The spin angular momentum and the magnetic moment of a nucleus are 
closely linked to each other through the gyromagnetic ratio γ, which is specific 
to each type of nucleus: ! = γ! 
When γ > 0, the angular momentum ! and the magnetic moment ! are parallel 
to each other. The direction (or vector) of both, the spin angular momentum ! 
and the magnetic moment !, is called spin polarization axis. For a large sample 
of spins in equilibrium in free space, the distribution of spins is completely 
isotropic: the spin polarization axes randomly point in all possible directions.  
Putting a compass needle into a magnetic field will make the needle rotate 
parallel to the magnetic field. Spins act a bit more complicated, since they do 
not just have a magnetic moment, but also an angular momentum. When 
placed in a magnetic field, the combination of a spin’s magnetic moment and 
its angular momentum will cause its polarization axis to precess around the !! 
axis, like a spinning top. The precession angle θ between the spin magnetic 
moment and the !!  field is constant and only depends on the initial spin 
polarization axis (Figure 1). 
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Figure 1 Single nuclear spin precessing around the external magnetic field !! with the Larmor 
frequency !!. (a) and (b) each show a single nuclear spin with different initial spin polarization axes 
and therefore different precession cones. 
 
 
The precessing frequency is called the Larmor frequency ν!:  !! = !!2π = −γ2π !! 
The Larmor frequency is proportional to external magnetic field !! and the 
gyromagnetic ratio γ . That implicates that spins precess faster in higher 
magnetic fields. 
As explained before, without an external magnetic field a sample of nuclear 
spins and their magnetic dipole moments ! will be randomly oriented in space, 
resulting in a zero net magnetization !  (Figure 2a). Applying an external 
magnetic field !!,  all spins of the sample will precess around !!.  But 
precession around !! does not change the net magnetization of the sample, 
since the polarization axes of the spins do not change direction relative to each 
other. Another effect is needed to explain the build up of a net magnetization !, referred to as T1 relaxation. Nuclear spins are surrounded by molecules 
containing electrons and nuclei, which themselves are sources of small 
magnetic fields. Because of thermal motion of the environment, these small 
magnetic fields fluctuate rapidly. Hence, spins do not feel the static external 
magnetic field !!  only, but a superposition of !!  and the small fluctuating 
fields, resulting in a fluctuating effective field and therefore a fluctuating 
precession axis. As a result the magnetic moments start to deviate from their 
2. 
Chapter 2 	
	20 
original precession cones, and may eventually sample the entire range of 
possible orientations (7). This process is not completely isotropic however: at 
room temperature it is slightly more probable that the nuclear spins move 
towards the orientation with lowest magnetic energy, which is parallel to !!. 
The population ratio between spins parallel !!  and spins anti-parallel !!  to !! is described by the Bolzmann equation: !!!! = !!∆!/!!! = !!!!/!!! , 
where k! = 1.381×10!!"J/K  is the Boltzmann constant, h = 6,626×10!!"Js  is 
the Planck constant and T  is the temperature in Kelvin. For protons in 
biological tissue at body temperature (≈ 37℃ ≈ 310K)  and an external 
magnetic field of 3T, the population difference is only on the order of 0.001%.  
This rearrangement of spins leads to a new thermal equilibrium with a small net 
magnetization !! (Figure 2b). The magnitude of this net magnetization can be 
described by: !! = γ!ℏ!!!n4k!T , 
where ℏ = h/2π and n is the spin density of the sample.  
 
Figure 2 (a) Isotropic distribution of a large sample of spins in equilibrium: the spin polarization 
axes randomly point in all possible directions. (b) After applying a static magnetic field !!, the 
whole sample of spins precesses around the external field. Furthermore the distribution of spins is 
slightly shifted in direction of !!  to get into the new thermal equilibrium. This rearrangement 
causes a small net magnetization !!. Source: (6). 
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Excitation 
As long as the net magnetization !! is in equilibrium, aligned with the much 
larger external magnetic field !!, it is very difficult to detect. To be able to 
measure the net magnetization !!  of a sample, it has to be turned 
perpendicular to !! , into the transversal plane. This rotation of !!  can be 
achieved by applying an oscillating magnetic field !!, tuned at the Larmor 
frequency of the spins.  
Now the spins feel two magnetic fields: the static field !! and the much smaller 
oscillating field !!, orthogonal to !!. Even though !! is much smaller than the 
external field !!, it has a large effect on the spins, because it is in resonance 
with them. This effect can be compared with a child on a swing: pushing the 
child randomly has almost no influence, but pushing the child with the 
swinging frequency has a large effect. This way, the oscillating field !! causes 
an additional, much slower rotation of the spins around an axis perpendicular 
to !!. As this rotation is the same for all spins in the sample, this has the effect 
of rotating the entire distribution of spins away from the equilibrium position 
towards the transverse plane (Figure 3b), rotating the net magnetization !! 
with it.  
 
Figure 3 (a) To simplify the illustration of excitation, the spin distribution is displayed in the 
rotating frame of reference, rotating with the precession frequency of the spins. In the rotating 
frame the spins do not precess anymore. (b) Applying an RF pulse will turn the macroscopic 
magnetization out of equilibrium. Source: (6). 
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This process has no effect on the precession around the !! axis: the spins still 
precess around the !! field. Therefore, when moved away from the !! axis, !! 
will precess around the !!  field as well. Effectively, the excitation process 
causes a slight phase coherence between the precessing spins. The precession 
of !! around !! can be detected using receiver coils. 
The external, oscillating magnetic field !! is usually called a radiofrequency 
(RF) pulse, because the Larmor frequency is in the radiofrequency range.  
 
Relaxation 
After excitation with an RF pulse the spin distribution is no longer in 
equilibrium; instead, the macroscopic magnetization is rotating in the 
transverse plane. When the RF pulse is turned off, the spins will relax back to 
their original distribution. This occurs by means of longitudinal (T1) and 
transversal (T2) relaxation processes.  
As explained before T1 relaxation is caused by small fluctuating magnetic fields 
of the environment, which change the precession axes of the spins. As a result 
the magnetization !!  relaxes back to the thermal equilibrium condition, 
aligning with the external magnetic field: M!(t) = M! (1 − e!!/!!) 
Figure 4   Recovery curve of Mz with longitudinal relaxation time T1. At time point T1 about 63% 
of the equilibrium magnetization Mz is recovered. 
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In contrast, T2 relaxation of the magnetization occurs in the transverse plane M!", where it decays as a result of spin coherence loss. Every spin experiences 
small field changes induced by its surrounding, changing its individual 
precession frequency. By precessing with different frequencies, the single spins 
of the transversal magnetization lose synchrony. The spins dephase until they 
are distributed homogeneously in the transversal plane and the transverse 
component of the magnetization is gone:  M!"(t) = M!" 0  e!!/!! 
 
Figure 5   Decay curve of transverse magnetization Mxy with transverse relaxation time T2. At time 
point T2 about 63% of Mxy is decayed. 
 
Loss of transverse magnetization is not just caused by T2 relaxation on the 
microscopic scale, but also by inhomogeneities of the external field !! . 
Together these two effects are called T2* relaxation: 1T!∗ = 1T! + γ ΔB! 
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MR Scanner 
Hardware 
For an MR examination the patient or object is placed inside the bore of an MR 
magnet. The MR magnet has a high and as homogeneous as possible 
magnetic field !!  at the position of the subject. Most clinical MR scanners 
provide a magnetic field of 1.5 T or 3 T; however, the number of high field MR 
scanners (≥ 7 T) for research is increasing.  
Transmit coils produce a radiofrequency (RF) field with the required resonance 
frequency of the nucleus to be examined, to rotate the spins perpendicular to 
the external !! field. The angle by which the spins are rotated, the flip angle, 
depends on the duration, amplitude and shape of these RF pulses. After 
excitation the precessing spins relax back to their equilibrium, a process that 
can be measured by receive coils. 
Furthermore an MR scanner has a gradient system to generate magnetic field 
gradients in three directions. These gradient coils can locally change the 
magnetic field and manipulate the precession frequency and phase of spins.  
 
Endorectal coil for prostate MR 
For prostate MR it is advantageous to use an endorectal coil (ERC) that is 
inserted in the rectum and positioned next to the prostate, instead of using 
external phased array coils for signal reception. Because the ERC is positioned 
so close to the prostate, the local SNR is increased substantially. Furthermore 
the ERC keeps the prostate in place and reduces motion, leading to less 
movement artifacts.  Especially for prostate MRS this gain in SNR is of great 
value, but it comes along with a coil profile making comparison of absolute 
metabolite levels cumbersome.  
Even though the SNR gain of an ERC is proven to be of value, many hospitals 
decide not to use an endorectal coil. Besides the discomfort experienced by 
some patients, costs are an important factor. Next to the costs of the additional 
hardware, the insertion and correct positioning of the ERC often are difficult 
and time consuming and therefore increase costs even more. Furthermore, the 
SAR threshold is significantly restricted (by a factor of two for Siemens MR 
scanners), which is why exams by sequences with a high RF output have to be 
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prolonged with longer waiting times between scans to stay within the limitation 
of RF power deposition. 
 
Figure 6    Endorectal coil for prostate MRI and MRS (Source: Medrad, Bayer Healthcare LLC, 
Whippany, NJ, USA). 
 
Signal detection 
The magnetization rotating in the transversal xy-plane can be detected by a 
receiver coil. The rotation induces an oscillating voltage in the coil, by means 
of Faraday’s law. However, the measured complex time signal cannot be 
interpreted visually. A mathematical technique called Fourier transform (FT) is 
used to convert the time domain signal !(!) into a readable frequency domain 
signal !(!), which is called a spectrum. The FT is defined as: 
! ! = ! !  !!!"# !"!!  
The time signal and the spectrum are complex functions. The real and 
imaginary part of !(!) are resulting out of both, real and imaginary part of !(!) 
(Figure 7) (7).  
 
MR Sequences 
MR pulse sequences are computer programs controlling the hardware of an 
MR scanner. The order of gradient and RF pulses and their amplitude, duration 
and form are defined in a pulse sequence. Sequence specific parameters are 
the echo time (TE), the repetition time (TR), inter pulse durations, the flip 
angles, k-space acquisition, etc. The timing of RF and gradient pulses 
influences the characteristics of MR images and spectra. 
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Figure 7 Fourier transform from time domain signal to a spectrum in frequency domain.  
Source: (7). 
 
 
MR imaging 
Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique, which 
is particularly used to investigate tissue, organs and pathology of the body. 
Most commonly the proton signal of water is examined, because of the high 
abundance of water in the human body. The signal to noise ratio (SNR) of 1H 
makes it the “easiest” nucleus to detect. Other nuclei such as 31P, 13C and 19F 
are almost not used in clinical practice, but are in development or used in 
preclinical studies, especially at high field strength (7T). In this thesis we 
perform 31P and 13C metabolic imaging. 
For MRI it is important to encode the spin signals in such a way to enable 
tracing back their position. This spatial encoding is achieved with the scanner’s 
gradient system, which can produce small magnetic field gradients on top of 
the external magnetic field !!, resulting in field strength variations in x-, y- and 
z-direction. The local field changes influence the precession frequency and 
phase of spins. Hence spins can be manipulated in such a way that every 
location within the region of interest has a different spin precession, allowing 
their location to be determined through their resonance frequency and phase. 
With this spatial information an image can be reconstructed.  
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Contrast between different tissue types is caused by their specific T1 and T2 
relaxation times. The design of a sequence influences the type of tissue 
contrast that is achieved. For T1 weighted images a relatively short TR has to 
be chosen. At a short TR the signal difference of tissue types due to different T1 
relaxation is biggest (Figure 8). For longer TRs the signal amplitudes of T1 
relaxation relax further and the difference is reduced. Tissues and lesions with 
short proton T1, such as adipose tissues, appear bright in T1 weighted images. 
Figure 8 T1 weighted contrast of tissues depending on the repetition time TR.  
 
Figure 9 T2 weighted contrast of tissues depending on the echo time TE. 
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T2 decay is the dephasing of magnetization Mxy in the transverse plane. The 
rate of dephasing is tissue dependent and given by T2. For T2 weighted 
contrast the TE has to be chosen relatively long, to give the spins in different 
tissue types enough time to dephase.  Even though the tissue contrast is 
largest at longer TEs, the total signal amplitude and therefore the SNR is larger 
at shorter TEs (Figure 9). Water or e.g. cerebrospinal fluid have a long T2 
relaxation time and therefore appear bright on T2 weighted images. 
Imaging with a minimized influence of T1 and T2 weighting is called proton 
density weighted imaging (PDWI), since contrast depends mainly on the 
number of protons per tissue unit. A higher proton density means more proton 
spins and therefore a higher transverse magnetization Mxy after excitation, 
resulting in a higher signal. To achieve proton density weighting the TR has to 
be chosen long to suppress T1 weighting and the TE has to be short to 
suppress T2 weighting.  
 
 
MR spectroscopy 
Whereas with MRI mostly the proton signal of water is examined, MR 
spectroscopy is used to investigate the signals of metabolites or ions. After 
Fourier transformation MRS provides a spectrum of metabolite peaks. The 
concentration of certain peaks can provide information about metabolism. 
Besides with 1H, MRS can also be performed with e.g. 13C, 19F and 31P. The 
magnetic properties of these nuclei are given in table 1. 
 
Nucleus Gyromagnetic ratio 
γ/(2π) 
(MHz/T) 
Resonance 
frequency at 3T 
(MHz) 
Natural 
abundance  
(%) 
1H 42.58 127.73 99.985 
13C 10.71 32.12 1.108 
19F 39.43 118.28 100.000 
31P 17.25 51.76 100.000 
Table 1 Magnetic properties of commonly used nuclei in in vivo MRS. Natural abundance refers to 
the abundance of isotopes of a chemical element as found in nature. Source: (7)  
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Chemical Shift 
As described before, the Larmor frequency of a spin depends on the 
gyromagnetic ratio of the nucleus: !! = −!!! . But this description is 
inaccurate. Besides the external magnetic field each spin feels a small 
magnetic field caused by the electrons in its molecule. This effect is called 
chemical shift. The external magnetic field !! induces a current in the electron 
cloud of the molecule. This electron flow causes a small magnetic field !!"#$%&#. This induced magnetic field is linearly dependent on the external 
magnetic field: 
!!"#$%&# = ! ∙ !! = !!! !!" !!"!!" !!! !!"!!" !!" !!! ∙ 00!! , 
in which ! is the chemical shift tensor. A spin at a certain location within the 
molecule experiences a local magnetic field (Figure 10), which is the sum of the 
external and the induced field: !!"# = !! + !!"!"#$! 
The chemical shift depends on the structure of the molecule the spin is 
embedded in. Therefore different molecules have different chemical shifts and 
can be distinguished by their specific signal profile in spectra obtained with 
MRS. Moreover, even spins within one molecule can experience different local 
magnetic fields !!"# , resulting in peaks at different chemical shifts for one 
molecule. Without chemical shift all spins of a particular nucleus would 
resonate at the same frequency and no differentiation could be made between 
them. The chemical shift is often expressed as: ! = !! − !!"#!!"# ∙ 10!   !!"  
with !!  the Larmor frequency of the nucleus of interest and !!"#  that of a 
reference nucleus, which should be independent of external influences such as 
temperature or pH. Since both frequencies !! and !!"# are proportional to the 
external field !! , their ratio and therefore !  is field independent. Chemical 
shifts are small in comparison with the Larmor frequency; therefore they are 
usually given in ppm (parts per million = 10-6). 
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Figure 10  The external magnetic field induces an electron flow, which in turn induces a small 
magnetic field. Nuclear spins in a molecule experience this small magnetic field, resulting in a 
slightly shifted Larmor frequency. This effect is called chemical shift. Source: (7). 
 
Direct dipole-dipole coupling 
Direct dipole-dipole coupling describes the direct coupling between 
neighboring spins via their magnetic fields. In isotropic liquids the short-range 
intermolecular dipole-dipole couplings average out because of rapid thermal 
motion of the molecules. The long-range couplings do not average out; 
however, they are very small. Hence, for MRS of liquids and therefore in most 
tissues the effect of the direct dipole-dipole coupling on the chemical shift can 
be neglected. 
 
J-coupling  
J-coupling, also referred to as indirect spin-spin coupling or indirect dipole-
dipole coupling, can occur if there are two or more nuclei in a molecule. J-
coupling describes the indirect coupling of spins via their bonding electrons 
within a molecule, resulting in a multiplet structure. Imagine a four spin 
molecule AX3 with one nucleus A and three nuclei X (X3) and a coupling 
constant JAX = 100 Hz, like e.g. 13C and 1H spins in a CH3 group. The single A 
spin slightly magnetizes the surrounding electrons, which generate a magnetic 
field felt by the three X spins. The other way around the three X spins 
9 Internal Spin Interactions
In this chapter, the internal spin interaction terms are examined in more detail.
9.1 Chemical Shift
The electrons in the molecules cause the local magnetic fields to vary on a submolecular distance scale. The
magnetic fields experienced by nuclei at two sites in the same molecule are different if the electronic envi-
ronments are different. For example, protons located in the −CH3 groups of ethanol molecules experience
slightly different magnetic fields than protons located in the −CH2 groups. This effect is called the chemical
shift. It is of major importance to the chemical applications of NMR.
The chemical shift is predominantly an intramolecular interaction, but it does have a significant inter-
molecular component as well. For example, chemical shifts are slightly different in different solvents, and
are slightly different for the same molecular system in solids and in liquids. Chemical shifts may even be
different for formally identical molecules in the same crystal if the asymmetric unit of the crystal structure
contains more than one molecule, as is often the case.
The mechanism of the chemical shift is a two-step process. (i) The external magnetic field B0 induces
currents in the electron clouds in the molecule. (ii) The circulating molecular currents in turn generate a
magnetic field (called the induced field Binducedj ):
B0
Flow of
electrons
Nuclear
spin
Induced
field
Figure 9.1
Mechanism of the
chemical shift.
The nucle r spins sense the sum of th a plied external fi ld and the induced field generated by the
molecular electrons:
Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second EditionMalcolm H. Levitt
© 2008 John Wiley & Sons, Ltd
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magnetize the surrounding electrons and therefore influence the A spin. The X 
resonance senses the coupling with A and is split into two resonances with 
equal intensity, separated by the coupling constant JAX. Spin A feels three X 
spins, each of them causing a splitting. This results in a quartet with signal 
intensities 1 : 3 : 3 : 1, because the inner split peaks add up (Figure 11). All of 
them are again separated by the coupling constant JAX. This explanation is 
phenomenological. For real understanding QM has to be used, in particular 
Pauli’s exclusion criterion for electrons. 
J-coupling provides a lot of information about molecule structures and their 
chemical bonds in NMR of materials. In MRS J-coupling is usually an unwanted 
effect, since the line splitting decreases the total signal height. However, it is 
sometimes used to detect signals of specific compounds if co-resonating with 
signals of other compounds (J-editing). 
 
 
Figure 11   AX3 molecule: The line of A successively splits into a quartet with signal 
intensities 1:3:3:1. X splits into a doublet. All peaks are separated by the coupling constant JAX. 
Because X3 contains three spins, the sum of the two doublet peaks is three times as large as the 
sum of the quartet peaks of A. Source: (9). 
 
Localized MR spectroscopy 
Localized MR spectroscopy is used to obtain spectral information of a well-
defined volume of the object, instead of a global spectrum of the whole 
object. Signal contamination from neighboring tissues such as lipids can be 
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avoided by localization. We distinguish constructive and destructive 
localization methods to achieve volume selection. In destructive localization the 
entire field of view of the transmitting RF coil is excited and subsequently all 
unwanted magnetization is crushed, e.g. by outer volume suppression (OVS). 
With constructive localization only the volume of interest (VOI) is excited. In this 
thesis different constructive localization methods are used: Point RESolved 
Spectroscopy (PRESS), semi-Localized Adiabatic SElective Refocusing (semi-
LASER) and SPin ECho full Intensity Acquired Localised (SPECIAL) 
spectroscopy.  
Here we give a short description of the PRESS sequence, which is one of the 
most frequently used MRSI sequences and the standard sequence in prostate 
MRSI. The semi-LASER and the SPECIAL sequences are discussed in the 
corresponding chapters in more detail. 
PRESS 
Point RESolved Spectroscopy (PRESS) combines a slice selective (ss) excitation 
pulse with two slice selective refocusing pulses to localize the VOI (Figure 12). 
Executing an excitation pulse (90°) with a gradient in x-direction and a 
refocusing pulse (180°) with a gradient in y-direction after a delay of !! 
generates a first spin-echo at 2!! . This echo contains signal from the 
intersection of the x- and the y-slabs selected by the two pulses. The second 
refocusing pulse with a gradient in z-direction refocuses the magnetization 
after a delay of !!, resulting in a second spin-echo at an echo time of !" =2!! + 2!! . This echo only contains signal from the intersection of all three 
orthogonal slabs. The signal outside the VOI does not experience all three 
pulses and will dephase rapidly. Hence, only the signal within the VOI is 
excited and fully refocused.  
In case refocusing pulses are inaccurate, e.g. the flip angle ≠180°, additional 
signal pathways can be induced and produce unwanted echoes or FIDs. To 
eliminate these unwanted signal pathways, crusher (c) gradients are played out 
before and after the refocusing pulses to destroy the phase coherence of the 
unwanted signals. 
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Figure 12 PRESS pulse sequence for 3D MRSI. During the excitation pulse and the refocusing 
pulses slice-selection (ss) gradients are played out to localize a VOI. Two pairs of crusher (c) 
gradients are executed to destroy unwanted signals. For spatial information of voxels within the 
VOI, phase encoding (pe) is applied.  
 
 
MR spectroscopic imaging 
MR spectroscopic imaging (MRSI) combines MR spectroscopy and MR imaging 
methods to obtain multiple MR spectra of different localizations within one 
measurement exam. Spatial information is encoded with phase encoding, 
similarly as in MR imaging techniques. Between each signal excitation and 
acquisition, gradients !!!!"#  (pe) with different amplitudes are applied for a 
short period to encode the location of the signal (Figure 12). The nominal voxel 
size ∆! is given by the FOV and the number !! of sampled phase encoding 
steps per direction:  
∆! = !"#!!  
In standard MRSI frequency encoding is not used, because of the intrinsic 
frequency dispersion of the MR spectra. Therefore only one k-space point is 
sampled during one repetition time !! , instead of e.g. one row like in MR 
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imaging methods. This makes standard MRSI a rather time consuming 
technique. Faster readout schemes have also been introduced into MRSI, such 
as spiral k-space sampling (10) or echo planar spectroscopic imaging (EPSI)(11). 
However, these accelerated k-space encoding schemes can only be applied if 
the SNR of the resonances of interest is sufficient. 
 
 
Radiofrequency pulses 
Radio frequency (RF) pulses are used to bring the macroscopic magnetization ! out of thermal equilibrium and turn it into the transversal plane (excitation 
pulse, flip angle = 90°) or to turn it with a flip angle of 180° (refocusing and 
inversion pulse). The simplest RF pulse is the block pulse. The flip angle ! of ! 
depends on the amplitude !! and duration ! of the RF pulse: ! = !!!! 
The bandwidth of an RF pulse is inversely related to the pulse length !. The 
shorter the pulse, the wider is its bandwidth. To still obtain the desired flip 
angle, high bandwidth RF pulses require a large !! amplitude, leading to a 
high RF power absorption. This can result in long acquisition times due to SAR 
restrictions. 
The frequency of an RF pulse has to be equal to the Larmor frequency of spins 
to achieve the required flip angle.  If spins resonate at a different frequency, 
due to e.g. !! inhomogeneities, they will experience a different rotation angle. 
Also inhomogeneous !! fields caused by inhomogeneous profiles of transmit 
coils can cause undesired flip angles. Adiabatic RF pulses are designed to be 
less sensitive to !! inhomogeneities. 
Specific absorption rate (SAR) 
Next to the energy absorbed by nuclear spins, the electromagnetic waves of 
the RF pulses induce electric currents in the tissue of which the major part is 
converted to heat, increasing the tissue temperature. The amount of power 
absorbed per unit of mass is called specific absorption rate (SAR), measured in 
W/kg. In case of field inhomogeneities and coil couplings the deposited power 
can lead to local burnings at worst. To prevent heating of the body, the SAR is 
limited to 2 W/kg for the whole body, 3.2 W/kg for the head, 10 W/kg for head 
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and trunk (local) and 20 W/kg for extremities (local), all values averaged over 6 
minutes (IEC 60601-2-33 (2002)).                                                                                                                                    
Since the Larmor frequency increases with the external magnetic field !!, also 
the RF frequency has to be increased to excite the spins. The deposited power 
is proportional to the square of the electric field of the RF pulse (12), making 
the SAR increase quadratically with the !! field. Therefore the allowed SAR is, 
especially at high field strengths, a limiting factor with regard to the minimal 
allowed TR, the RF pulse amplitude and the number of RF pulses. This makes 
pulses with reduced RF amplitude advantageous at high !! fields, like e.g. 
gradient modulated RF pulses. 
 
Adiabatic pulses 
Conventional RF pulses have a modulated !! amplitude and a constant carrier 
frequency, mostly applied at the center of the spectral bandwidth of interest. 
Adiabatic pulses, in contrast, have a time varying carrier frequency !!" ! . 
Across the spectral bandwidth of interest !" spins with different resonance 
frequencies !!, called isochromats, are rotated at different points in time, as 
the frequency sweep !!" !  approaches the resonance frequency !! of each 
isochromat. Therefore the range of this frequency sweep usually determines 
the spectral bandwidth of an adiabatic pulse. For spins within the bandwidth !" the flip angle will be uniform. Hence, the bandwidth of adiabatic pulses is 
no longer inversely dependent on the duration of the pulse, allowing for higher 
bandwidths. 
If !!  is not exactly applied at the Larmor frequency but off-resonance, the 
magnetization !  does not precess around !! , but around the effective 
magnetic field !!"". !!"" is the vector sum of !! and ∆!/!, with ∆! = !! −!!" being the difference between the Larmor frequency !! and the applied 
carrier frequency: 
!!"" = !! + !"!  
 In the adiabatic passage the carrier frequency !!" !  is swept, making the 
effective magnetic field !!"" !  change in time as well, with an angular velocity !"/!", where  
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! ! = !"#$!% !!! !∆! !  
As long as the orientation of the effective magnetic field !!"" !  changes more 
slowly than the rotation of ! around !!"" ! , ! will follow !!"" !  to its final 
position and therefore all spins with !! are rotated by a constant flip angle. 
This requirement is called the adiabatic condition: !!!"" ! ≫ !"/!"  
The adiabatic condition is fulfilled if !!  is high enough (above a certain 
threshold) or the frequency sweep is slow. Therefore the classical adiabatic 
rotation is independent of small !!  amplitude changes, making adiabatic 
pulses advantageous in combination with surface coils. (13–16). 
 
Offset-independent adiabaticity (OIA) 
The offset-independent adiabaticity (OIA) approach is an optimization 
procedure to fulfill the adiabatic condition. In the OIA approach the RF power 
is distributed uniformly over the requested bandwidth, but sequentially in time. 
Hence, a uniform rotation over the bandwidth ∆! is obtained.  
Many adiabatic modulation functions solely consider the center frequency of 
isochromats !! = !!  (! = 0) , but lose efficiency for isochromats with an 
additional frequency offset ! = !! − !!. Here we include a constant frequency 
offset !, e.g. caused by a chemical shift or a constant gradient. This frequency 
offset has to be within the bandwidth ∆! of the frequency sweep:  
! ≤ !"2  
The adiabatic condition can be given as a ratio !, which is a function of ! and !: ! !, ! = !!!""! (!)!" !"  
For the most critical moment ! = !!, when the isochromat at ! is on resonance 
and the effective field !!"" !  crosses the transverse plane, the adiabatic 
condition is given by: ! !! !"2 !! !! = (!!!!!! !! )! 
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Every combination of amplitude modulation (AM) function !! !  and the 
frequency modulation (FM) function !! !  fulfilling this condition will lead to 
uniform adiabaticity for all isochromats within the bandwidth ∆!. (13,15) 
 
Gradient-modulated offset-independent adiabaticity (GOIA) 
Gradient-modulated offset-independent adiabaticity (GOIA) pulses have a 
time-dependent resonance offset ! ! , as consequence of a modulated 
magnetic field produced by a changing gradient field. Next to the AM function !! !  and the FM function !! ! , GOIA pulses also have a gradient modulation 
function !! !  (Figure 13). Because of the additional gradient modulation GOIA 
pulses require less !! amplitude to fulfill the adiabatic condition, which is given 
by: 
! !! !"2 !! !! − !! !! !! !!!! !! = (!!!!!! !! )! 
Every combination of !! ! , !! !  and !! !  fulfilling this condition will lead to 
uniform adiabaticity for all isochromats within the bandwidth ∆! (13,15). 
The constant adiabatic factor over the entire spectral bandwidth and the low 
demand for RF power make GOIA pulses optimal for MRS, especially when 
large bandwidth are needed and SAR limits are low. 
 
Frequency offset corrected inversion (FOCI)  
FOCI pulses are more regularly used in clinical MRS studies than GOIA pulses. 
The slice profile they provide is very flat with sharp edges, a little better than 
that of GOIA pulses (Figure 14). However, FOCI pulses need higher RF power 
to realize the adiabatic condition (Figure 13) and therefore their use is 
cumbersome in combination with an ERC or at high field strength. Furthermore 
it has been found that FOCI pulses are more prone to eddy current artifacts as 
a consequence of their large gradient modulation slew rate (17). 
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Figure 13    Adiabatic pulses. (A) Modulations of RF amplitude (B1(t)), gradient (G(t)), 
carrier frequency (ω(t)) and phase (φ(t)) for GOIA-W(16,4) (solid line), GOIA-HS(8,4) (dotted line) and 
FOCI (dashed line). Source: (17). 
 
 
 
Figure 14   Measured slice profile of GOIA-W(16,4) (solid line), GOIA-HS(8,4) (dotted line) 
and FOCI pulse (dashed line). The duration of all pulses is 3.5 ms and they have a bandwidth of 20 
kHz. Their RF amplitudes are: 0.817 kHz for GOIA-W(16,4), 0.711 kHz for GOIA-HS(8,4), and 1.463 
kHz for FOCI. Source: (17).  
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k-space  
To understand MR imaging and spectroscopy acquisition techniques, it is 
important to understand the concept of k-space. In Fourier imaging the raw 
MR data is collected in k-space [1/m]. This k-space data then is converted to an 
image by Fourier transformation. Therefore k-space (!! , !! , !!) is the Fourier 
conjugate of the spatial domain (!, !, !) . Time dependent gradient fields (!! ,!! ,!!) within a pulse sequence are used to describe a path in k-space: ! ! = !2! ! !!  !"′!!  
The most basic method to fill k-space is Cartesian sampling, which fills a 
Cartesian grid in k-space (Figure 15). Points in k-space (!! , !! , !!)  do not 
correspond one-by-one to the individual voxels (!, !, !) in the final image, but 
each point in k-space contains information about every pixel in the 
corresponding image. In the center of k-space (low frequencies) mainly signal 
contrast is stored, whereas in the outer parts of k-space (high frequencies) 
detailed image information is deposited. An image reconstructed from only the 
central k-space points has a high SNR, but it appears blurry and lacks detail. 
Only sampling the outer part of k-space would result in an image with sharp 
details, but very low signal. Hence, the way of sampling k-space influences the 
quality of the resulting image. 
 
Figure 15   k-space and the corresponding image space, transformed by Fourier transformation. 
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In classical MRSI, k-space has four dimensions (!! , !! , !!, !) in which in the time ! the spectral frequencies are encoded. Fourier transformation gives signal 
intensity in the spatial and frequency domains. For MRSI Cartesian sampling is 
very time consuming, because spectral information has to be acquired. 
Therefore the time signal of each k-space point has to be sampled separately, 
resulting in a measurement time TA of: !" = !! ∙ !! ∙ !! ∙ !" 
The distance between points sampled in k-space defines the FOV of the 
image: ∆! = 1!"#  ⇔  !"# = 1!" 
The pixel size of the image is given by the size of sampled k-space !!"#:  ∆! = 1!!"#  ⇔  !!"! = 1∆! 
 
Spiral k-space sampling 
There are several techniques to fill k-space, like filling it in a different order, 
with a different trajectory or just parts of it and calculating the missing parts. 
Applying advanced k-space sampling techniques can save measurement time. 
One technique is spiral k-space acquisition (10). Instead of sampling line by line 
or point by point of k-space, the x- and y-dimensions of k-space can be 
sampled simultaneously with a spiral trajectory within one acquisition. 
Therefore the x- and y-gradients traverse (!! , !!)-space at the same time. The 
spiral trajectories can be interleaved in (!! , !!)-space to achieve a larger FOV 
(Figure 16a). 
For MRSI also spectral information has to be acquired. To do so several spiral 
gradients are repeated to acquire the time component, which is necessary for 
the spectral information. For sufficient spectral bandwidth the basic spiral 
trajectories can be interleaved in time, by repeating the spirals !!  times in 
subsequent repetitions with different delays (Figure 16b). The measurement 
time for a 3D MRSI with spatial and temporal interleaves is: 
  2. 
Basics principles of MR 	
	 41 
!" = !! ∙ !! ∙ !! ∙ !" 
with !! the number of slices in z-direction, !! the number of spatial interleaves 
and !" the repetition time. 
 
 
 
Figure 16   Spiral k-space sampling. (a) Two spatial interleaved spiral trajectories. (b) To get 
spectral information in MRSI, several temporal interleaves have to be executed. Source (10). 
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struction have been used successfully in fast imaging 
applications such as cardiac MRI (15, 16) and functional 
imaging (17,18), and we extend the use of these methods 
to spectroscopic imaging. 
In this paper, we describe the design of spiral-based 
k-space trajectories for in vivo three-dimensional spec- 
troscopic imaging of low SNR metabolites at 1.5 T. In 
addition to metabolite imaging, the spiral trajectories are 
used to rapidly collect reference data from the high SNR 
water signal that is subsequently used to aid in the re- 
construction of metabolite maps. To reconstruct phased 
metabolite spectra, we apply an excitation scheme that 
provides stable phase profiles in the presence of B, and 
B, inhomogeneity. We discuss the reconstruction of the 
nonuniformly sanipled data via the gridding algorithm, 
and the application of the reference water data to auto- 
mate the phasing of spectra and to simplify the recon- 
struction of metabolite maps. 
Orthogonal gradient fields as a function of time define a 
path in k-space, (kx, ky, kz, kf), the Fourier space corre- 
sponding to space and frequency, (x, y, z, f) .  We will 
refer to the x and ycoordinates as the “in-slice” or “trans- 
verse” directions, z as the slice-selection direction, and f 
as chemical shift or frequency. 
In our approach to spiral spectroscopic imaging, gra- 
dient waveforms on the x and y axes trace a spiral wave- 
form in (kx, ky)-space. With the evolution of time, these 
gradients traverse a path in (kx, ky, k,)-space. The spiral 
gradients are followed by rewinding gradient lobes that 
return the path to the origin of (kx, ky)-space as depicted 
in Fig. la.  The combination of the spiral and rewinding 
gradients is repeatedly applied during the entire readout 
period to form the trajectory shown in Fig. 1b. To collect 
data with sufficient spectral bandwidth, the basic spiral 
trajectory in Fig. l a  can be interleaved in the kf dimen- 
sion on subsequent repetitions by delaying the start of 
the readout gradients with respect to the beginning of the 
acquisition period (7). The trajectory can also be inter- 
leaved in (kx, ky)-space to increase the spatial field of 
view (FOV) in the transverse dimensions. 
Three spatial dimensions are collected by applying 
phase encodes along the z dimension before each spiral 
readout so that (kx, k,,, k,)-space is sampled by a stack of 
METHODS 
k-Space Trajectory and Gridding 
Data acquisition in the presence of time-varying gradi- 
ents is best described with k-space analysis (19, 20). 
parallel spiral waveforms. To 
reduce scan time, the maximal 
extent of each spiral path in 
(kx, ky)-space is a function of 
its k,-coordinate such that the 
sampling of (kx, ky, k,)-space is 
limited to a sphere (or an ellip- 
soid in the case of anisotropic 
spatial resolution) (16). Projec- 
tions of the trajectory onto dif- 
ferent sections of k-space are 
shown in Figs. la-lc. An exam- 
ple of one period of the gradient 
waveform is shown in Fig. Id. 
Data sampled in the pres- 
ence of time-varying gradients 
require special reconstruction 
algorithms since the sampling 
points are not on a rectilinear 
grid. We apply a gridding algo- 
rithm to resample the nonuni- 
formly spaced points in (kx, ky, 
kf) onto a Cartesian grid fol- 
lowed by an application of a 
three-dimensional tapered co- 
sine window and zero padding 
to 32 X 32 X 128 points. When 
the data for all k, planes have 
been gridded, a four-dimen- 
sional FFT is applied to the en- 
tire sampled k-space. Decon- 
volution of the smoothing 
effects of the gridding kernel 
takes place in the image do- 
main. The details of the grid- 
ding algorithm are described 
in (16). 
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FIG. 1. The Spiral-Based k-Space Trajectory. (a) Spiral trajectory followed by a rewinding path 
back to the origin. The dashed line shows an additional spatial interleaf. (b) As the trajectory in (a) 
is repeated during the readout time, it traces a path in (kx, k, kJ space. Spectral interleaves along 
the k, axis can be used to increase chemical shift bandwidth. (c) Coverage of the third spatial 
dimension, z, is achieved with phase encoding. The extent of the spiral trajectory in (kx, k,) is a 
function of k, so that the spatial k-space coverage is spherical (or ellipsoidal for anisotropic 
resolution). (d) One period of gradient waveforms, g, (solid line) and g, (dashed line). 
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Abbreviations and symbols 
1H   Proton 
13C  Carbon 
19F   Fluorine 
31P   Phosphorus 
ADP  Adenosine DiPhosphate 
ATP   Adenosine TriPhosphate 
Cho   Choline 
Cre   Creatine 
CRLB  Cramér-Rao Lower Bound 
FID  Free Induction Decay 
FOV  Field Of View 
FT  Fourier Transform 
Gln   Glutamine 
Glu   Glutamate 
GOIA  Gradient-modulated Offset-Independent Adiabaticity 
GRE  GRadient Echo 
ISIS  Image Selected In vivo Spectroscopy  
Lac   Lactate 
LASER  Localized Adiabatic SElective Refocusing 
Lip   Lipids 
MEGA  MEscher GArwood 
mI   Myo-inositol 
MR   Magnetic Resonance 
MRI   Magnetic Resonance Imaging 
MRS   Magnetic Resonance Spectroscopy 
MRSI   Magnetic Resonance Spectroscopic Imaging 
NAA   N-acetyl-aspartate 
NMR  Nuclear Magnetic Resonance 
OIA  Offset-Independent Adiabaticity 
OVS  Outer Volume Suppression 
PCr   Phosphocreatine 
PDWI  Proton Density Weighted Imaging 
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Pi   Inorganic Phosphate 
ppm  parts per million = 10-6 
PRESS   Point RESolved Spectroscopy 
PSA  Prostate Specific Antigen 
QM  Quantum Mechanics 
RF  Radio Frequency 
SAR   Specific Absorption Rate 
SE   Spin Echo 
sLASER  semi-LASER 
SNR  Signal to Noise Ratio 
SPECIAL  SPin ECho, full Intensity Acquired Localized spectroscopy 
STEAM  STimulated Echo Acquisition Mode 
TA  Acquisition time 
Tau   Taurine 
TE   Echo Time 
TI   Inversion Time 
TR   Repetition Time 
TSE   Turbo Spin Echo 
VOI  Volume Of Interest 
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Abstract 
This study describes a technique for fast imaging of x-nuclei metabolites. Due 
to increased sensitivity and larger chemical shift dispersion at high magnetic 
fields, images of multiple metabolites can be obtained simultaneously by 
selective excitation of their resonances with a multi frequency selective RF 
pulse at any desired flip angle. This aim is achieved by combining a 3D 
gradient echo imaging sequence with a Shinnar-LeRoux optimized excitation 
pulse. A proper choice of bandwidth, imaging matrix size and field of view 
allows using the chemical shift dispersion of the different resonances to 
completely separate their images within one large field of view. The method of 
fast metabolic imaging is illustrated with 13C measurements of a phantom 
containing a solution of 13C labeled glucose, lactate and sodium octanoate and 
by dynamic measurements of the 31P metabolites phosphocreatine (PCr) and β-
adenosine triphosphate (β-ATP) in human femoral muscle in vivo, both at 7T. 
With dynamic selective 31P imaging of the larger part of the upper leg, PCr 
signal intensity changes of specific muscles can be studied simultaneously by 
analyzing the sum of PCr signals within shaped ROIs following the muscles’ 
contours. This concept of dynamic metabolic imaging can be applied to other 
organs and further expanded to other MR-detectable nuclei and metabolites.  
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Introduction 
In standard MR spectroscopic imaging (MRSI) phase encoding is used to map 
the spatial distribution of metabolites (1,2). Compared to single voxel localized 
spectroscopy, MRSI may be time consuming and too slow to assess certain 
dynamic processes. To accelerate MRSI many techniques have been 
developed: echo planar spatial–spectral encoding, used in Echo Planar 
Spectroscopic Imaging (EPSI) (3,4) or Flyback echo-planar MRSI (5), which 
shortens the acquisition time by simultaneously recording the spectral and one 
spatial dimension. In Spectroscopic Rapid Acquisition with Relaxation 
Enhancement (Spectroscopic RARE) an RF refocused echo train encodes the 
spatial information (6-8). Other methods to collect spectroscopic data rapidly 
are advanced k-space sampling techniques such as spiral-based k-space 
trajectories (9,10) or partial k-space sampling such as optimized sparse k-space 
sampling with a limited region of support in sequential forward array selection 
MRSI (11). In all these methods, temporal resolution is mostly gained at the 
expense of spectral or spatial resolution. All methods also need to deal with a 
low intrinsic signal to noise ratio (SNR), a low concentration of metabolites and 
full acquisition of the spectral dimension. Ultra-high magnetic fields (7T and 
higher) offer new possibilities for MR spectroscopic imaging, because of a 
higher SNR and a larger chemical shift dispersion (CSD) (12).  If only 
information of certain selected resonances is of interest, time consuming 
acquisition of the spectral dimension can be omitted and data can be acquired 
by performing imaging of selected metabolite signals only.  
In this paper we describe a method, which displays selected x-nuclei 
resonances with both a high temporal and a high spatial resolution. To 
accomplish fast metabolic imaging of multiple x-nucleus resonances, we 
introduce a 3D gradient echo (GRE) imaging sequence with a field of view 
(FOV) in the frequency encoding direction substantially larger than the size of 
the sample or subject. A similar approach to separate signals in frequency 
encoding direction has been used in a spin echo sequence (13) and in a 
gradient echo sequence for 129Xe (14). In addition, we implemented a multi 
frequency selective Shinnar-Le Roux (SLR) pulse (15). This SLR pulse excites 
selected frequency bands with an optimized flip angle (16) and hence excites 
3. 
Chapter 3 	
	50 
only the resonances of interest with any desired flip angle. By choosing an 
appropriate FOV, resolution and readout bandwidth, the frequency separation 
of metabolite resonances on basis of their chemical shift is enlarged. As a result 
the selected resonances are imaged next to each other within one image, 
equivalent to an extreme water-lipid shift in 1H MRI.  
 
 
Materials and methods  
RF pulse design 
For unlocalized excitation of different resonances with a variable flip angle, 
multiband frequency selective SLR optimized RF pulses were designed with the 
MR Pulse Tool of SequenceTree 4.1.6 (GPL open source) (17), which is based 
on a numerical solution of the Bloch equations. The frequency bands of the 
SLR pulse were designed to only excite the desired resonances, and not any 
adjacent signals outside the bands. In a gradient echo imaging method with 
short repetition times, the flip angle of each resonance was optimised towards 
its individual Ernst angle to improve SNR per unit time. Because of small flip 
angles for the selected resonances the RF power deposition was relatively low 
such that compliance to maximum SAR guidelines was not an issue. The 
excitation profile of the SLR pulses was simulated with NMR-Sim (Bruker 
BioSpin GmbH, Rheinstetten, Germany). 
 
MR sequence design 
A fast low angle shot (FLASH) sequence was implemented with frequency-
selective SLR pulses with multiple small flip angle excitations (18).  Full 
separation of multiple frequency signals in the frequency encoding direction 
was achieved by choosing the FOV, the matrix size and readout bandwidth 
[Hz/pixel] in an appropriate way. In case of two selected metabolite 
resonances, the FOV had to be more than twice as large as the imaged object 
to display the two images side by side. To avoid aliasing, the following relation 
had to be fulfilled: ∆ωRes ∙ BW + S!"#S!"# ≤ 1 
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 For imaging the selected resonances without overlap the distance d [in pixels] 
between the images of 2 excited metabolites of a single object had to be 
bigger than zero:  d = ∆ωBW −  S!"# ∙ ResS!"# > 0 
Where Δω [Hz] is the chemical shift difference between the chosen metabolites, 
SFOV [m] is the size of the FOV in frequency-encoding direction, SObj  [m] is the 
size of the object, Res is the resolution (matrix size in frequency encoding 
direction) and BW [Hz/pixel] is the readout bandwidth per pixel. To separate 
the images based on CSD, the readout bandwidth per pixel needed to be 
small, whereas in common MRI large bandwidths were chosen to minimize the 
chemical shift misregistration.  
 
Hardware 
Phantom measurements were performed on a 7T animal system (Clinscan, 
Bruker BioSpin GmbH, Rheinstetten, Germany), operating at 75.5MHz for 13C. 
For localization by 1H imaging the body coil of the scanner was used and for 
13C  imaging an in-house developed transmit/receive solenoid rat leg coil. 
31P MRI was performed on a 7T whole body MR system (Magnetom, Siemens, 
Erlangen, Germany), operating at 120.3MHz for 31P. A circularly polarized 1H 
birdcage head coil was used for anatomical MRI and an in-house developed 
double loop quadrature transmit/receive surface coil for 31P metabolic imaging, 
fixed on top of the upper leg. The necessary RF power to achieve the 
optimised flip angles with this coil setup was calibrated with a gel-phantom 
(agarose gel with inorganic phosphate, load comparable to human leg), in 
which nulling of the phosphate signal in the sweet spot of the quadrature coil 
was evaluated as a function of RF input power of the excitation pulse in a 
simple 2D pulse acquire spectroscopic imaging sequence.  
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13C MR imaging  
To demonstrate frequency selective excitation of resonances of interest and 
their separation within one image, 13C metabolic images of a phantom were 
acquired. A 600µl test tube with a diameter of 7mm contained 0.93M [1-13C] 
glucose, 0.30M [3-13C] lactate and was saturated with ~0.30 M [2,4,6,8-13C] 
sodium octanoate. The implemented SLR excitation pulse was designed with a 
500Hz frequency band at -1490Hz with ramps of 200Hz to select the lactate 
(Lac) quadruplet and a 600Hz frequency band at 4100Hz with ramps of 300Hz 
to select the glucose (Glc) quadruplet, resulting in a pulse duration of 10ms. 
With this pulse profile only the lactate and glucose resonances were excited, 
but not the sodium octanoate resonances in between. To correct for different 
T1 values and to aim for highest signal intensity, the flip angles were optimized 
according to Ernst (16). Therefore we measured the 13C signal intensity of 
lactate and glucose with a GRE sequence as a function of TR and calculated 
the T1 values by a mono exponential fit. Furthermore the performance of the 
SLR pulse was tested by implementing it into a pulse-acquire sequence 
(TR=300ms, 256 averages and TA=1:17min). Metabolic imaging of the lactate 
and glucose quadruplets within one image was performed in two experiments 
to illustrate the relation between chemical shift difference, FOV and resolution 
with the following parameters: FOV=32×32×32mm3, readout bandwidth 
400Hz/pixel, 3D matrix size 32×32×16, repetition time TR=100ms, echo time 
TE=7ms, 1 average, 6/8 partial k-space sampling in phase and slice encoding 
direction resulting in a total acquisition time TA of 30s. In the second 
acquisition the FOV was enlarged to 64×64×32mm3, the imaging matrix to 
64×64×16 and the readout bandwidth was set to 200Hz/pixel. This decrease of 
bandwidth caused an increase of TE from 7ms to 8ms. Due to 1H coupling and 
the signal intensity modulations it is causing, the signal intensity of Glc is lower 
at the prolonged TE of 8ms. To compensate for this signal loss, 4 averages 
were taken, which increased the acquisition time to TA=3:51min. For both 
measurements the signal intensity of three subsequent partitions of the 3D 
matrix was added. 
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Dynamic in vivo imaging of 31P metabolites 
To verify the applicability of fast metabolic imaging in vivo, we performed a 31P 
experiment of the quadriceps femoris of two volunteers. For this application 
the SLR pulse was designed to excite the phosphocreatine (PCr) resonance at 
0Hz (0ppm) with a frequency band of 150Hz and β-adenosine triphosphate (β-
ATP) at -1911Hz (-15.9ppm) with a band of  350Hz. Both frequency bands had 
ramps of 150Hz. The flip angles were individually optimized according to the 
Ernst angle by taking the T1 values of PCr (T1=4.0s) and β-ATP (T1=1.8s) and a 
repetition time of 500ms (16,19) into account. This resulted in an asymmetrical 
SLR pulse with flip angles αErnst(PCr)=25° and αErnst(β-ATP)=37°,  and a pulse 
duration of 6ms. With a FOV of 500×500×120mm3, a 3D matrix of 32×16×16 
(interpolated to 32×32×32) and a readout bandwidth of 200Hz/pixel a high 
resolution image set of PCr and β-ATP was obtained in the upper leg within 
6:50min (TR=400ms, TE=5.1ms, 4 averages). The 31P metabolic images were 
superimposed with 1H anatomical images of the upper leg by using the 3D-
Fusion function of the Syngo software (Siemens Medical Solutions, Erlangen, 
Germany). By decreasing the matrix size to 16×16×16 and increasing the 
bandwidth to 300Hz/pixel, we obtained a 3D image set of PCr and β-ATP of 
the upper leg within TA=2:08min (FOV=500×500×120mm3, TR=500ms, 
TE=5.1ms, 1 average), enabling dynamic MRS studies. In a recovery 
experiment the potential for in vivo applications of the method was illustrated 
by observing the changes in PCr and β-ATP levels in the quadriceps of a 
volunteer induced by a muscle contraction exercise. Two MR measurements 
without exercise were performed first. Then the volunteer was asked to 
contract the quadriceps starting 30s before and continuing during an MR 
measurement of 2:08min. Afterwards again three measurements without 
exercise were performed to follow the PCr recovery of a region of interest 
across 6 partitions of the 3D imaging matrix. A higher temporal resolution was 
obtained with a FOV of 400×350×120mm3, a 3D matrix of 32×16×16 
(interpolated to 32×32×32) and partial k-space sampling of 7/8 in phase and 
slice encoding direction a readout bandwidth of 120Hz/pixel, a shortened TR 
of 100ms and TE=7.6ms at a total acquisition time TA of 20s. Accordingly the 
flip angles were adjusted to αErnst(PCr)=13° and αErnst(β-ATP)=19°.  In addition 
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the current combination of repetition and echo time in this study allowed us to 
obtain 4 gradient echoes during one acquisition. With these adjustments we 
performed 5 measurements (1:40min) of the relaxed quadriceps femoris of a 
volunteer, 5 measurements (1:40min) during contraction and again 15 
measurements (5:00min) without exercise to record the PCr recovery.  
The spatial resolution of the imaging sequence enabled us to arbitrarily select 
shaped ROIs, which was done by following the contour of certain muscles 
within the FOV of the surface coil. For demonstration purposes we chose one 
ROI following the shape of the rectus femoris, one that of the vastus 
intermedius and of two parts of the vastus lateralis across 6 partitions of the 3D 
imaging matrix. The mean values and standard deviations of the signal 
intensity values of the voxels within the ROIs were calculated and recovery 
curves were obtained for these three muscle groups individually. Matching of 
1H and 31P images, the selection of muscle shaped ROIs and extraction of 
intensity values has been accomplished with MeVisLab (MeVis Medical 
Solutions AG, Bremen, Germany). 
 
 
Results 
13C MR imaging  
The 13C MR spectrum of the glucose – sodium octanoate – lactate – phantom, 
obtained with a block pulse in a pulse-acquire sequence, showed a glucose 
quadruplet at 4075 Hz (54 ppm), a lactate quadruplet at -1496 Hz (-19.8 ppm) 
and for sodium octanoate a quadruplet at -2000Hz (-26.5 ppm), a triplet at -
201 Hz (-2.6 ppm) and a sextet at -743 Hz (-9.8 ppm) (Fig. 1a).  
The measurements with different TRs resulted in T1 values of 1.4s for Lac and 
0.6s for Glc at 7T. Accordingly we designed an asymmetric SLR pulse exciting 
lactate and glucose with their Ernst angles at TR=100ms of αErnst(Lac) = 21° and 
αErnst(Glc) = 32°. With the frequency selective excitation profile of the SLR pulse, 
simulated with NMR-Sim (Fig. 1b), only the spins of the quadruplets at 4075 Hz 
and -1496 Hz were excited, whereas spins of the remaining multiplets gave no 
signal (Fig. 1c). 13C MRI of the phantom with the SLR pulse in a 3D GRE 
sequence resulted in an image series with two visible resonances of the 
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phantom (Fig. 1d). In an axial view two cross-sections of the test tube were 
visible, one from the 4075 Hz Glc quadruplet and the other from the -1496 Hz 
Lac quadruplet. The two resonances of the object in the image had a size of 
~7 pixels each and could be separated completely with a gap of d≈7pixels.   
	
Figure 1 13C MRS measurements of a phantom containing glucose, sodium octanoate and lactate. 
(a) Phased 13C spectrum of the sample, obtained with a pulse acquire sequence. (b) Spectral profile 
of 13C Shinnar-Le Roux pulse simulated with NMR-Sim. The pulse only excites a 500Hz frequency 
band at -1490Hz with ramps of 200Hz to select the Lac quadruplet and a 600Hz frequency band at 
4100Hz with ramps of 300Hz to select the Glc quadruplet, with a flip angle of 21° and 32˚, 
respectively. (c) 13C spectrum of a glucose – sodium octanoate – lactate sample, made with the 
frequency selective SLR pulse. The sodium octanoate multiplets between Glc and Lac were not 
excited by the SLR pulse. (d) 13C metabolic MR images of the test tube. The excited resonances at 
4100Hz and -1490Hz are well separated, without intermediate signals being displayed. The chosen 
parameters are:  FOV = 32×32×32mm3, readout bandwidth = 400Hz/pixel, 3D matrix size = 
32×32×16 and TA=30s. The signal is the sum of three partitions of the 3D imaging matrix. (e) With 
a lower readout bandwidth the two resonances were separated further: FOV = 64×64×32mm3, 
readout bandwidth = 100Hz/pixel, 3D matrix size = 64×64 ×16, 4 averages, sum of three slices and 
TA=3:51min. 
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At half the bandwidth/pixel, double FOV and double matrix size, the images of 
the two resonances were separated by d≈20pixels (Fig. 1e).  
 
in-vivo 31P MR experiment  
The 31P MR spectrum of the quadriceps femoris of a volunteer (Fig. 2a) 
contained the expected resonances for inorganic phosphate Pi (4.8ppm), 
phosphodiesters  PDE (2.9ppm), phosphocreatine PCr (0ppm), and high-
energy phosphates γ-ATP (-2.4ppm), α-ATP (-7.5ppm) and β-ATP (-16.0ppm). 
Only the PCr and β-ATP resonance were selected by the 31P SLR pulse profile. 
The simulation showed the imperfection of the shape, as both excitation peaks 
did not have the intended flat tops (Fig. 2b).  
Figure 2 In vivo 31P MRS measurements of the quadriceps femoris. (a) 31P MR spectrum taken with 
a FID sequence. (b) Spectral profile of 31P Shinnar-Le Roux pulse simulated with NMR-Sim. The flip 
angles of the asymmetric pulse were optimized according to their different T1 values and a TR of 
400ms: αErnst(PCr) = 25° and αErnst(β-ATP) = 37°  (T1 = 4.0s for PCr and T1 = 1.8s for β-ATP) (19). The 
SLR pulse selected the PCr resonance with a frequency band of  150Hz and β-ATP with a band of  
350Hz . Both frequency bands had ramps of  150Hz. The pulse had a duration of 6ms. 
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Metabolic images of PCr and β-ATP were obtained and displayed over 
anatomical 1H images ( Fig. 3). The PCr and β-ATP signals were well separated, 
with a higher signal intensity of PCr than of β-ATP. Furthermore, the excitation 
profile of the quadrature surface coil was visible, with only the upper half of the 
leg excited. The 3D distribution of PCr in upper leg muscle was reflected in the 
31P metabolic images in three orientations superimposed on 1H anatomical 
images of a volunteer (Fig.4). 
 
 
Figure 3 Direct 31P MR image containing a separated map of PCr on the left and β-ATP on the 
right. As expected from the 31P spectra, the signal intensity of β-ATP is lower than that of PCr. For 
display reasons the 1H MR image of the leg is displayed twice, whereas the 31P MR image is solely 
one image. The white line illustrates the position of the surface coil. 
 
Figure 4 Superposition of a 31P  MR image of PCr with a 1H anatomical images of the upper leg of 
a volunteer, using the 3D-Fusion function of the Siemens Syngo software. PCr matched the 
anatomical shape of the leg very well. Since we used a surface coil, only the upper half of the leg 
was excited. The white voxel marks the region of interest used for the first recovery study (see Fig. 
5b).	 
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The dynamic possibilities of this metabolic imaging method were tested in 
exercise experiments, first at a temporal resolution of 2:08min within an 
effective voxel of 31.25×31.25×45mm3 = 44ml  (see Fig. 5b). The PCr level 
decreased by 50% during the exercise and returned to normal levels 
afterwards, while β-ATP remained stable. To image metabolic changes faster, 
an experiment with a higher temporal resolution (TA=20s) was performed on a 
different volunteer. The PCr signal intensities of 3 specific shaped ROIs 
following the contour of three muscle groups were averaged over 19 
subsequent partitions of the 3D matrix to cover the length of the chosen 
muscles, which resulted in actual voxel sizes of 59ml within the rectus femoris,  
128ml in the vastus intermedius and 279ml in the vastus lateralis (Fig. 5a). It is 
clear that PCr was consumed differently in these muscles. The mean PCr signal 
intensity of the rectus femoris exhibited a 21% drop during exercise, the PCr 
level of vastus lateralis dropped 27% and the vastus intermedius 39%. All PCr 
signal intensities recovered to normal levels within 3min after exercise(Fig. 5c). 
The signal intensity of β-ATP was insufficient to be analyzed within this short 
measurement time.  
 
 
Discussion  
In this study we successfully performed metabolic imaging of 13C and 31P nuclei 
at 7T. The increased sensitivity and the larger CSD between the resonances of 
x-nuclei at high B0 fields, enabled us to display multiple selected resonances 
within one image. In order to select the desired metabolites, SLR pulses were 
designed to only excite the resonances of interest. The method was further 
optimized for maximum SNR by adjusting the excitation angles (16) for each 
frequency band by taking relaxation and repetition times into account (19). The 
choice of RF pulse duration is a compromise between excitation profile and 
echo time. Longer pulse durations are needed to obtain accurate and narrow 
excitation bandwidths with different flip angles. Shorter pulse durations enable 
shorter gradient echo times with little signal dephasing due to magnetic field 
inhomogeneities (R2*) or spin-spin coupling between 31P nuclei (in ATP signals). 
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Figure 5 (a) 1H anatomical 
image of the upper leg of a 
volunteer. The specific ROIs 
following the shape of the 
rectus femoris, vastus 
intermedius and two fractions 
of the vastus lateralis were 
assigned in this slice. (b) 
Dynamic 31P MRI measurement 
of quadriceps femoris. Signal 
intensity of PCr and β-ATP 
before, during and after the 
contraction of the quadriceps 
femoris of a volunteer, achieved 
with TE=5.1ms, TR=500ms, 1 
average, TA=20s and an 
effective voxel size of 
31.3×31.3×45mm3=44ml (see 
Fig. 4). The temporal resolution 
was not high enough to resolve 
the recovery of the PCr signal. 
(c) Signal intensity of PCr in the 
rectus femoris (59ml), vastus 
intermedius (128ml) and vastus 
lateralis (279ml) before, during 
and after the contraction of the 
quadriceps femoris of a 
different volunteer, achieved 
with TE=7.6ms, TR=100ms, 1 
average, TA=20s. The decrease 
of PCr levels during the 
exercise is different for the 3 
muscles. 	
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With a RF pulse duration of 6ms, the frequency bands of PCr and β-ATP were 
not completely flat at the desired pulse amplitude, but sufficiently wide to 
excite both resonances with the correct flip angle, without affecting 
neighbouring metabolites. The signal intensity of β-ATP was much lower than 
of PCr, because of its lower concentration in muscle. The radiofrequency 
profile of the 31P quadrature surface coil is not completely homogeneous, 
which leads to deviations of flip angles at the edges of the coil, and 
inhomogeneities in the reception profile. In dynamic studies of PCr depletion 
and recovery of a certain ROI or muscle, the relative signal intensities before, 
during and after exercise are of interest, alleviating the issue of coil profile 
inhomogeneity. For future applications a more homogeneous volume coil 
could be chosen. 
The benefit of this method is the high temporal resolution which enabled us to 
follow dynamic signal changes of metabolites with a relatively high spatial 
resolution. This could be achieved by avoiding the time consuming free 
induction decay sampling of MRSI, which is still present in fast MRSI strategies 
like Flyback EPSI (5) or MRSI with spiral-based k-space trajectories (9).  
In the described recovery experiment we made use of this high temporal 
resolution with full 3D spatial coverage, as opposed to a recently described 
single voxel approach (20). The signal intensities of PCr and β-ATP (Fig. 5b), 
key compounds in the energy metabolism of muscles, were imaged during 
exercise with an acquisition time of 2:08min. Conventional MRSI with a 
corresponding resolution of 8×16×16, with TR=500ms and one average would 
take 17min, which would be problematic in dynamic studies. Fast MRSI 
methods could reduce this to ~ 1 minute by accelerating one spatial 
dimension, but would start losing spectral resolution if full FIDs cannot be 
sampled due to shortened TR, or due to a fixed number of spectral points with 
a shorter dwell time (21). With a 2D 31P EPSI  pulse sequence a PCr recovery 
experiment in calf muscle has been performed with a temporal resolution of 
20.5s, a TR of 640ms and a voxel size of 37.5×37.5×40 mm3=56.25ml at 1.5T 
(22). The SNR of this measurement was too low to detect ATP resonances. The 
current 3D method can be shortened to a similar acquisition time of 20s, as the 
spectral dimension does not need to be sampled and by decreasing TR to 
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100ms. With TA=20s  the rapid PCr depletion during exercise (23,24) and the 
following recovery could be observed in detail in arbitrarily shaped ROIs (Fig. 
5c). This method is not restricted to a voxel chosen previously to the 
measurement, but ROIs of different shapes and sizes can be selected 
afterwards, which gives this method additional value. Also with this method  
the signal intensity of β-ATP was not high enough to be analyzed, but in the 
previous measurement with lower temporal resolution it was shown that ATP 
levels did not change during the exercise.  
 Other applications of this fast metabolic imaging strategy could be found by 
combining this technique with the use of hyperpolarized substrates (25,26). 
Dynamic nuclear polarization of e.g. [1-13C]-pyruvate can increase the signal 
intensity of 13C nuclei with several magnitudes in vivo. The use of 
hyperpolarized contrast agents requires fast and effective acquisition 
techniques, since the enhanced polarization is rapidly lost due to T1 relaxation 
from the hyperpolarized state. The increase in SNR due to hyperpolarisation 
would allow lower flip angels, shorter TR and therefore enable shorter 
acquisition times, which could allow one to follow the spatial distribution of 
selected resonances of catabolic products of  pyruvate metabolism dynamically 
with a high spatial resolution. Furthermore, partial k-space sampling techniques 
can be used to accelerate metabolic imaging, as performed in the 13C phantom 
and some 31P in vivo measurements. 
In conclusion, the combination of a 3D GRE sequence, frequency selective 
excitation with an SLR pulse and separating metabolite resonances by 
exploiting their chemical shift dispersion enables fast metabolic imaging of x-
nuclei. These benefits make metabolic imaging interesting for dynamic studies, 
if one is interested in a subset of metabolite resonances rather than the whole 
spectrum. Besides the examination of muscles, this concept can readily be 
applied to other tissues, and further expanded to other MR-detectable nuclei.  
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Abstract 
Purpose:  31P MRS is widely used to study energy metabolism in muscle, brain 
and liver, and is commonly performed without localization beyond that of the 
RF coils. However, more accurate localization is desirable in many applications, 
e.g. to focus on specific muscles or lesions. In this study we developed a short 
echo time (TE) SPin ECho, full Intensity Acquired Localized (SPECIAL) sequence 
for 31P MRS, which combines one-dimensional image-selected in vivo 
spectroscopy (ISIS) with slice selective spin-echo (SE) localization. A pair of 
GOIA-Wurst(16,4) pulses was implemented to achieve a high bandwidth. 
Methods: In vivo mouse measurements were performed on a 7T animal system. 
31P SPECIAL MRS was acquired with a VOI of 5×5×5 mm3 = 125 µl positioned in 
a leg muscle of a wild type mouse. A non-localized 31P FID measurement of the 
whole mouse leg was performed for comparison. After causing ischemia in the 
mouse leg, a dynamic series of six localized 31P MRS measurements within the 
muscle was acquired.  
Results: Pi, PCr, γ-ATP and α-ATP were well resolved in the 31P MR spectra of 
the FID as well as the SPECIAL sequence. The spectrum of the FID 
measurement showed several artifacts, most likely caused by contamination of 
the bones within the field of view of the coil, which were not visible in the 
localized SPECIAL spectra. The dynamic measurement of ischemia in the 
mouse leg shows the conversion of PCr into Pi. 
Conclusion: The 31P SPECIAL sequence enabled performing localized 31P MRS 
with well-resolved spectra. The good localization eliminated signal 
contamination from bones and other structures. The time resolution of the 31P 
MRS acquisition was sufficient to follow metabolism during ischemia in a 
selected muscle. 
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Introduction 
31P MRS is widely used to study energy metabolism in muscle, brain and liver. 
Dynamic 31P MRS examinations can uncover important metabolic processes, in 
particular metabolites involved in energy and phospholipid metabolism (1). 
These examinations are commonly performed without localization beyond that 
of the RF coils, because of the relatively low signal to noise ratio (SNR) of 31P 
and because of its simplicity and robustness. However, better localization is 
desirable in many applications; e.g. to focus on specific tissues or lesions, to 
avoid artifactual signals, such as bone in muscle exams or muscle in the case of 
liver exams, or to have the option of absolute quantification via phantom 
replacement. For localized 31P MRS it is common to use an Image Selected In 
vivo Spectroscopy (ISIS) or a spectroscopic imaging sequence, which require 
multiple steps (8 or more) to achieve localization. This limits dynamic studies 
with a need for a high temporal resolution. Single shot localization by 
STimulated Echo Acquisition Mode (STEAM) is faster, but suffers from 50% 
signal loss. Recently, localization by a semi-LASER sequence was proposed, 
which has the advantage of homogeneous volume excitation by adiabatic 
pulses (2). However, the long minimal TE of this sequence (> 23 ms) prevents 
the acquisition of J-modulated spin systems such as ATP.  
In this study we introduce localized 31P MRS by the SPin ECho, full Intensity 
Acquired Localized (SPECIAL) spectroscopy sequence at 7T to overcome these 
limitations. The SPECIAL sequence has a 2 step adiabatic slice selection and 
combines the advantages of short echo times (TE of ~10 ms) with full sensitivity 
by spin echo application (3,4). In particular, J-coupled multiplets and 
metabolites with short T2 relaxation times benefit from the improved SNR at a 
short TE. Furthermore, at high magnetic fields an improved SNR and better 
peak separation can be achieved for 31P MRS, but at the cost of RF 
inhomogeneities and increased chemical shift artifacts in slice selection. 
Adiabatic slice selective pulses with large bandwidths can overcome this. For 
this reason we perform SPECIAL in combination with a pair of GOIA-
WURST(16,4) pulses (5), which give a good uniform excitation, a very wide BW, 
while RF pulse duration and power are still comfortably within SAR limits at 
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high field strengths (6). In this study we demonstrate the performance of 31P 
SPECIAL MRS on the mouse leg during ischemia at 7T.    
 
 
Methods 
The SPECIAL sequence combines a one-dimensional ISIS scheme with a slice 
selective Spin Echo sequence ( 
Figure 1 1). The three orthogonal slice selections necessary to obtain single 
voxel localization are: The 180˚ adiabatic inversion pulse of the ISIS-block was 
executed in alternate scans, while switching the phase of the receiver at the 
same time. The second direction is selected by an asymmetric slice-selective 
90° excitation pulse. Its asymmetry allows for a short TE. For 180° refocusing 
two adiabatic GOIA-W(16,4) pulses are used. Each GOIA-W(16,4) pulse has a 
maximum RF power of 0.817 kHz, a large BW of 20 kHz and pulse duration of 
3.56 ms. The third direction is selected by these adiabatic pulses. A 3D signal 
can be reconstructed by subtracting the two alternating scans from each other. 
 
Figure 1   Sequence diagram of 31P SPECIAL with GOIA-W(16,4) refocusing pulses. 
 
The in vivo measurements were performed on a 7T animal system (Clinscan, 
Bruker BioSpin GmbH, Rheinstetten, Germany), operating at 121.6 MHz for 31P 
and 300.4 MHz for 1H. An in-house developed three turn Tx/Rx 31P solenoid 
coil surrounded by a 1H Alderman-Grant coil was used for 31P MRS and 1H 
imaging. 1H localization images were created with the body coil of the scanner. 
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For all measurements we have chosen for a repetition time TR of 8 s, to avoid 
T1 saturation effects, since the T1 relaxation times of phosphocreatine (PCr) and 
inorganic phosphate (Pi) at 7T are 4.0 ± 0.2 s and 6.3 ± 1.0 s, respectively (7). A 
31P FID measurement (90° flip angle, TR = 8 s, 32 averages, TA = 4:17 min) of 
the whole mouse leg was acquired for comparison. For localized 31P SPECIAL 
MRS a VOI of 5×5×5 mm3 = 125 µl was positioned in one leg muscle of a wild 
type mouse (Figure ). Further measurement parameters were: spectral width = 3 
kHz, vector size = 2048, TE = 11.4 ms and 32 averages, resulting in an 
acquisition time of TA = 4:48 min. After causing ischemia in the mouse leg, a 
dynamic series of six localized 31P MRS measurements within the muscle was 
performed. 
 
	
Figure 2  Localized 5×5×5 mm3 voxel in the biceps femoris of a mouse leg. 
 
Results  
The 31P MR spectra of an FID of the whole leg (TA = 4:17 min) and of the 
SPECIAL localized measurement (TA = 4:48 min) are displayed in Figure 3, in a 
spectral range between -11 ppm and 7 ppm. In both spectra well resolved 
signals for Pi (5.0 ppm), PCr (0.0 ppm), γ-ATP (-2.5 ppm) and α-ATP (-7.5 ppm) 
are observed. The spectrum of the FID measurement shows distortions in the 
baseline and phase, caused by contamination of broad 31P resonances of the 
bones within the field of view of the coil. These are not visible in the localized 
spectrum achieved with the SPECIAL sequence, which provides a very flat 
baseline without phase distortions. The SNR of the PCr resonance in the 
SPECIAL acquisition is 63 for a volume of 125 µl positioned in muscle, whereas 
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the FID measurement has a SNR of 66 within the field of view of the coil of ~ 
600 µl, including bone tissue. The PCr/ATP ratio is about 6 in mouse skeletal 
muscle, due to attenuation of ATP signals, which differs from the common 
PCr/ATP ratio of about 3.5 in FID acquisitions (8). A dynamic 31P MRS 
measurement to follow ischemia in the mouse leg is shown in Figure 4. During 
ischemia, PCr is converted into Pi, which causes a depletion of the PCr, 
whereas Pi increases significantly. After PCr has been completely depleted also 
ATP disappears. 
 
	
Figure 3   31P FID and localized SPECIAL spectra of mouse leg. 
 
Discussion 
The most common method of measuring 31P MR spectra of skeletal muscles in 
mice is by using a solenoid coil around the whole mouse leg and a single 
pulse-acquire acquisition. This may be sensitive to spectral disturbances 
caused by broad 31P resonances from bone. Such disturbances can be avoided 
by using a localized MRS sequence to select a volume of interest in muscle 
only. In this study we present a SPECIAL sequence for localized 31P MRS 
equipped with GOIA-WURST (16,4) refocusing pulses.  
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Figure 4    Dynamic series of six localized 31P spectra of ischemia in the mouse leg at 7T. During 
ischemia PCr is converted into Pi, which is causing a depletion of PCr, whereas Pi
 
increases 
significantly.  
 
The SPECIAL sequence has a short TE of 11.4 ms. On one hand, this allows 
broad spectral components to decay, providing a flat baseline without 
contaminating signals. On the other, it is short enough to provide observable 
signals from ATP resonances, which dephase due to J-modulation during the 
echo-time. The ATP dephasing is further reduced by the spin-lock property of 
the adiabatic pulses, yielding an attenuation of ATP signals of approximately 
40% compared to a pulse-acquire acquisition. The attenuation of the ATP 
resonance intensity can be taken into account in the case of quantification. If a 
shorter signal development is required, it is possible to shorten the TE in the 
SPECIAL to below 10 ms with shorter GOIA pulses or MAO type refocusing 
pulses (e.g. of 3 ms duration). However, the GOIA refocusing pulses currently 
used provide a high bandwidth with good slice homogeneity, minimal 
chemical shift artifact and reduced power deposition compared to standard 
adiabatic pulses, which is a great advantage especially at high field strengths. 
A potential limitation of the single voxel SPECIAL sequence is that it is based 
on a subtraction scheme. This makes it sensitive to motion, which may be 
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problematic in, for instance, muscle contraction studies. Unlike the more 
common ISIS acquisition scheme however, subtraction is required in only one 
direction. The direction of subtraction can be chosen in such a way to minimize 
this effect. The subtraction scheme also limits the shortest possible acquisition 
time to two scans.  
Other approaches for achieving localized short-TE 31P MRS, apart from MRSI, 
have been explored in the past, such as the single-shot sequences sLASER, 
STEAM, or slab-selective pulse-acquire. However, the sLASER sequence has 
the disadvantage of having a TE typically >20 ms, which is too long to observe 
ATP resonances, which are completely dephased during this period (2). The 
STEAM sequence has a short TE and therefore can measure ATP signals, but 
provides only 50% signal intensity (9). Acquiring 31P MR spectra by selecting 
just one slab with the excitation pulse only localizes the spectra in one 
direction, although coarse localization in the other directions may be achieved 
by using surface coils (10).   
 
 
Conclusion 
With the 31P SPECIAL-GOIA acquisition sequence we were able to perform 
localized 31P MRS in a 125 µl small voxel inside the biceps femoris of a mouse 
leg at 7T, within a comparable time resolution and a similar SNR as a whole leg 
FID measurement. The good localization of this sequence avoids signal 
contamination from bones and other structures. The time resolution of the 31P 
MRS acquisition was sufficient to follow metabolism during ischemia in a 
selected muscle. The sequence can easily be extended with a saturation pulse 
for localized saturation transfer experiments (1).   
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Abstract  
Purpose: Volume selection in 1H MR spectroscopic imaging (MRSI) of the 
prostate is commonly performed with low-bandwidth refocusing pulses. 
However, their large chemical shift displacement error (CSDE) causes lipid 
signal contamination in the spectral range of interest. Application of high-
bandwidth adiabatic pulses is limited by RF power deposition. In this study we 
aimed to provide an MRSI sequence that overcomes these limitations. 
Methods: Measurements were performed at 3T with an endorectal receive coil. 
A semi-LASER sequence was equipped with low RF power demanding 
Gradient-modulated Offset-Independent Adiabaticity (GOIA) refocusing pulses 
with WURST(16,4) modulation, with a 10 kHz bandwidth.  
Results: Simulations and phantom studies verified that the GOIA pulses select 
slices with a flat top and sharp edges and minimal CSDE. The sequence timing 
was tuned to an optimal citrate signal shape at an echo time of 88ms. Patient 
studies (n=10) demonstrated that high quality spectra with reduced lipid 
artifacts can be obtained from the whole prostate. Compared to PRESS 
acquisition at 145ms the SNR of citrate is increased up to 2.6 and choline up to 
1.3.   
Conclusion: An MRSI sequence of the prostate is presented with minimized 
spectral lipid contamination and improved SNR, to facilitate routine clinical 
acquisition of metabolic data. 
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Introduction 
Magnetic Resonance imaging (MRI) is increasingly used in the management of 
prostate cancer (PCa) (1). Several studies indicate that a multi-parametric MRI 
(mpMRI) approach is optimal to detect, localize, stage and characterize tumors 
in the prostate, including T2-weigthed MR imaging, diffusion-weighted 
imaging (DWI), dynamic contrast-enhanced MR imaging (DCE-MRI) and 1H MR 
spectroscopic imaging (MRSI). All these techniques exploit the MR signal of 
tissue water, except for MRSI, which records the proton signals of metabolites, 
in particular those of citrate (Cit), choline (Cho), creatine (Cr) and polyamines 
(mostly spermine (Spm)). In tumor tissue the levels of citrate are lower than in 
healthy tissue, whereas choline levels commonly are increased. Therefore the 
ratio of choline over citrate (Cho/Cit) is an attractive biomarker to detect PCa 
(2). However, as the choline methyl signal may be difficult to resolve from 
signals of creatine or spermine (Spm), the choline and creatine signals are often 
taken together for the ((Cho + Cr) / Cit) ratio or together with spermine for the 
((Cho + Spm + Cr) / Cit) ratio (3). 
To avoid spectral contamination by signals arising from tissue outside the 
prostate only the signals in a volume of interest (VOI) encompassing the 
prostate are excited. This volume for MRSI of the prostate is generally selected 
by a point-resolved spectroscopy sequence (PRESS) with Shinnar-Le Roux (SLR) 
pulses (4). The carrier frequency of these pulses is set at the center of the 
spectral region of the metabolite signals of interest, so that these resonances 
(chemical shift difference less than 1 ppm) are properly selected, but for 
resonances further away from the carrier frequency the limited bandwidth of 
the pulses causes chemical shift displacement errors (CSDE). In particular the 
intense signals originating from periprostatic lipids at about 1 ppm, may result 
in lipid signal contamination within the VOI, even if they are reduced by lipid 
suppressing pulses and outer volume suppression (OVS) pulses. These lipid 
signals can overlap with those of citrate and cause uncontrollable phase effects 
or biased citrate signal integrals. This overlap makes quantification problematic 
and tumor detection more complicated, particularly at the margins of the 
prostate, where many tumor foci reside.  
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The CSDE may pose a considerable problem at high magnetic fields (≥ 3T), as 
strength. This can be largely solved by the semi-LASER sequence, in which a 
VOI is selected by a slice selective 90° SLR excitation pulse and two pairs of 
slice selective adiabatic refocusing pulses (5). Adiabatic pulses can provide 
larger bandwidths than SLR pulses and thus produce less CSDEs. Because of 
this and due to sharper slice profiles, volume selection with adiabatic pulses is 
more precise, reducing signal contamination from outside the VOI (6). 
Adiabatic pulses are also less sensitive to B1 inhomogeneities, which become 
more prominent at higher magnetic fields. However, because the standard 
semi-LASER sequence contains four adiabatic hyperbolic secant (HS) 
refocusing pulses, its use in body applications is limited by the high radio 
frequency (RF) power these pulses require, leading to high specific absorption 
rates (SAR). Furthermore, the bandwidth of HS pulses is often limited by the 
maximum permitted RF pulse amplitude. In MRSI of the prostate the repetition 
times (TR) can be as short as 700 ms for optimal SNR per unit time, but in semi-
LASER applications it is necessary to increase the TR to stay below the SAR-
limit (7). Moreover, when using an endorectal coil (ERC), the allowed maximum 
RF power deposition is reduced to 50% (compared to external array coils only) 
to account for potential residual coupling between the body transmit coil and 
the ERC. As a consequence the semi-LASER sequence with HS refocusing 
pulses results in long examination times and thus is unattractive for clinical 
applications to the prostate. 
It has been shown that GOIA (gradient-modulated offset-independent 
adiabaticity) pulses with WURST (wideband, uniform rate and smooth 
truncation) modulated RF and gradient waveforms (8) have a wide bandwidth 
and a flat slice profile, while needing considerably less RF power than common 
adiabatic HS pulses (9). The effect of the time dependent gradient on the 
frequency sweep applied to the spin system, reduces the amount of RF power 
necessary to fulfill the adiabatic condition (5,8).  
The principle aim of this study was to develop a 3D semi-LASER sequence for 
MRSI at 3T, that can be applied to the prostate at sufficiently low RF power to 
allow for a TR of about 1 s, by replacing the standard 2nd order HS pulses by 
frequency and gradient modulated GOIA-WURST(16,4) pulses (10). As citrate is 
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a strongly coupled spin system, its signal shape depends on the time between 
pulses (11,12). Ideally the sequence timing is chosen such that at the shortest 
possible echo time (TE), the inner peaks of the quadruplet have maximum 
signal intensity with minimum intensity for the outer lines.  Therefore, we also 
aimed to tune the timing of the sequence for an optimal signal shape of citrate 
at a moderate echo time. The performance of the GOIA-sLASER sequence was 
evaluated in simulations, phantom studies and measurements of PCa patients. 
 
 
Methods 
All patient measurements were performed on a 3T MR system (MAGNETOM 
Trio, Siemens Healthcare, Erlangen, Germany) with a body coil for transmission 
and an endorectal coil (MEDRAD, Pittsburgh, PA, USA) for signal reception. For 
some phantom measurements a receive body array coil was employed.  A 
product PRESS sequence with MAO (13) refocusing pulses or a non-product 
semi-LASER sequence with GOIA or HS refocusing pulses were used. 
 
GOIA-sLASER sequence 
A semi-LASER pulse sequence with a TE of 145 ms, as previously used for 
prostate measurements (7), contains a slice selective Shinnar-Le Roux 
optimized 90° excitation pulse (4ms) and two pairs of slice selective 2nd order 
hyperbolic secant (HS2) pulses (8 ms, bandwidth of 3 kHz, γB1 = 718 Hz) for 
refocusing. To lower the required RF power the HS2 pulses were replaced by 
GOIA pulses with WURST(n,m) (W(n,m)) modulation (Fig. 1). In addition to the 
frequency and amplitude modulation, GOIA-WURST(16,4) pulses also have a 
modulated gradient shape, whereas HS2 pulses are only RF modulated. The 
WURST(n,m) modulation is given by: 
B!,!"#$% t = B!,!"# 1 − sin π2 2tT! − 1 !  G!"#$% = G!"# 1 − f + f sin π2 2tT! − 1 !  
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With B1,max and Gmax being the maximum RF and gradient amplitude, TP the 
pulse duration and f the gradient modulation factor. Previously it has been 
shown that GOIA-W(16,4) pulses with a 16th order B1 modulation, a 4th order 
gradient modulation and a gradient modulation factor of f = 0.9 provide a 
sharp, flat slice profile while requiring a low RF power amplitude (9). 
Simulations of the GOIA-W(16,4) pulses were performed with a Bloch equation 
simulation tool implemented in Matlab (The Mathworks Inc, Natick, MA, USA). 
The design of the pulses aimed for a sharp slice profile, a high bandwidth to 
reduce the CSDE, a relatively short duration and low RF power. The slice 
profile of a 50×50 mm2 VOI selected by the GOIA-W(16,4) pulses was 
calculated for the center of the spectral region of interest (2.90 ppm) and for 
the Cit (2.60 ppm), Cho (3.20 ppm) and lipid (1.05 ppm) resonances.  
 
Figure 1   Pulse diagram of the semi-Laser sequence with GOIA-W(16,4) refocusing pulses and 
MEGA pulses for water and lipid signal suppression. After excitation with a slice selective Shinnar-
LeRoux pulse, signal is refocused with two pairs of WURST(16,4) modulated GOIA pulses 
producing a spin echo at TE=88 ms. Unwanted signal paths are suppressed by crusher gradients, 
which are merged with MEGA spoiler gradients. The rephasing gradient of the excitation pulse is 
superimposed with the phase encoding gradient in z-direction. 
As the sequence timing has a large impact on the peak shape of the coupled 
spin system of citrate, we simulated its shape at different inter pulse delays τ1 
to τ5, and different echo times (TE = 2τ2 + 2τ4) (11,12). The inter pulse delays 
were optimized to obtain a maximal value of the inner multiplet resonances of 
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Cit, in order to minimize overlap of the outer resonances with neighboring 
resonances or lipids. Simulations were performed using TopSpin (Bruker 
Corporation, Billerica, MA, USA), with a chemical shift of the citrate methylene 
proton resonances of δCit = 2.63 ppm, a spin-spin coupling constant of J = 
16.14 Hz and a T2 of 0.17 s (11,14). Furthermore, the spectral profiles of the 
relevant prostate metabolites at different echo times were generated and 
combined in a basis set to fit the MR spectra, acquired from the patients, with 
the software package LCModel (15). 
Suppression of lipid signals is crucial for prostate MRSI, as this organ is 
embedded in fatty tissue. The spectral region of citrate is regularly 
contaminated with lipid signals, especially because periprostatic lipids are 
often inside the VOI box. To suppress lipid and water signals we used MEGA 
(Mescher-Garwood) pulses (16,17), which selectively invert the water spins at 
4.70 ppm and lipid spins at about 1.05 ppm. Both lobes of the MEGA pulses 
had a bandwidth of 1.6 ppm. The transverse magnetization of these proton 
spins was dephased by spoiling gradients surrounding the MEGA pulses. The 
MEGA pulses were located after the first GOIA pulse and just before 
acquisition. They had a duration of 12.8 ms and an RF amplitude of 260 Hz. 
Additionally outer volume saturation (OVS) bands, selected by amplitude 
modulated 90° pulses for spatial presaturation, were placed as close as 
possible to the borders of the prostate to suppress signals arising from 
surrounding lipid tissue.  
The unwanted signals of FIDs, spin echo’s and stimulated echo’s were 
suppressed by multiple crusher gradients played out between the RF pulses, 
some of them merged with the MEGA spoiler gradients.  
 
Phantom measurements 
To evaluate the performance of the GOIA-sLASER pulse sequence, we 
measured the slice profile of the GOIA-W(16,4) pulses and compared the 
metabolite shapes, the effectiveness of the lipid suppression and the 
improvement in localization of the GOIA-sLASER with the PRESS sequence.  
For the assessment of the slice profile of the GOIA-W(16,4) pulses we 
performed water unsuppressed 2D MRSI measurements of a bottle with a 
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NaCl-solution (bottle diameter = 186 mm, FOV = 100×100 mm2, VOI = 50×50 
mm2, resolution = 32×32). Examining the slice profile is not only of interest for 
spins at the carrier frequency, but also for spins at an offset corresponding to 
resonance frequency of lipids, as slice profile distortions at this frequency may 
result in lipid signal contamination. Therefore we measured the slice profile 
with the frequency set to the water resonance and at the frequency offset 
corresponding to the lipid resonance. We plotted the water peak integral as a 
function of voxel position to illustrate the excitation profile of the GOIA-
W(16,4) refocusing pulse. The water peak integrals of the middle two rows of 
the 32×32 matrix were averaged ( see Fig. 2c for clarification).  
The performance of the GOIA-sLASER sequence was further tested with 
measurements on a phantom mimicking the prostate by a sphere (∅ 7 cm)  
filled with metabolites occurring in the prostate: 9.5 mM choline (Cho), 12.0 
mM creatine (Cr), 90.1 mM citrate (Cit) and 18.0 mM spermine (Spm). The 
sphere is embedded in a box filled with sunflower oil to imitate periprostatic 
lipids. We performed 2D MRSI of this prostate phantom with volume selection 
by the semi-LASER sequence either with conventional HS2 or GOIA-W(16,4) 
refocusing pulses. As PRESS is most frequently used for prostate MRSI in the 
clinic, we also compared semi-LASER spectra to spectra obtained by PRESS. 
The body coil was used for transmission and a 32 channel body surface coil for 
receive. These measurements were executed with a FOV = 80×80 mm2, a slice 
thickness of 10 mm and a resolution of 8×8. The echo time of the semi-LASER 
measurements was TE = 88 ms, the repetition time was TR = 1000 ms and 4 
averages have been taken with weighted k-space sampling and Hamming 
filtering, which resulted in a measurement time of TA = 54 s. The PRESS 
sequence was executed with a TE of 88 ms and with a TE of 145 ms. Further 
measurement parameters were equal to those of the GOIA-sLASER sequence. 
The Cit shape as well as its Signal to Noise Ratio (SNR) were analyzed and 
compared. The SNR was calculated by dividing the highest signal value by the 
noise of the real spectra. 
To evaluate contamination by lipid signals originating from outside the VOI, we 
performed 3D MRSI measurements with the VOI being placed within the inner 
sphere of the phantom formally avoiding excitation of spins of the sunflower oil 
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outside. By applying full phase encoding without Hamming filtering we 
ensured that the voxel size is not enlarged. We used MEGA pulses for water 
and lipid suppression, but no outer volume suppression. PRESS and GOIA-
sLASER localized acquisition were both performed with a TE of 88 ms, for a fair 
comparison. PRESS acquisition at TE 145 ms would result in less lipid signals, 
not because of better localization, but because of signal relaxation decay. 
Measurement parameters were: FOV = 80×80×80mm3, VOI = 40×40×40 mm3, 
resolution = 16×16×16, voxel size = 5×5×5 mm3 and TR = 1000 ms, resulting in 
TA = 34:10 min. Additional to the 16 channel spine coil, an endorectal coil was 
used for receive, to resemble in-vivo measurements as much as possible. 
 
Patient measurements 
The institutional ethics commission waived the need for informed consent. Ten 
male patients with suspicion of prostate cancer were measured to test whether 
the implementation of GOIA-W(16,4) refocusing pulses makes the semi-LASER 
sequence a feasible tool in combination with an endorectal coil within clinically 
acceptable scan times. To reduce peristaltic motion we infused Buscopan prior 
to the MR exam.  
The MRSI measurements were performed in 10 patients with a GOIA-sLASER 
sequence with a TE=88 ms,  FOV = 84×60×72 mm3, matrix = 14×10×12, and 
weighted phase encoding. This resulted in a nominal voxel dimension of 6×6×6 
mm3 (real voxel volume 0.63 cm3). In one patient the FOV was 96×84×90 mm3 
with a 14×10×12 matrix and a nominal voxel size of 7×7×7 mm3 (real voxel 
volume 1.01 cm3). All measurements were performed with 3 averages. The 
measurement time varied between 9 and 12 minutes (TR 870 ms to 1090 ms) , 
mainly due to different patient weight and coil loading leading to different SAR 
limits. Periprostatic lipids were suppressed with seven OVS slabs, positioned 
close to the margins of the prostate. Five out of ten patients also underwent a 
clinically relevant MRSI acquisition with PRESS besides the sLASER 
measurements. These PRESS measurements were performed with a TE of 145 
ms. Despite the different TEs – 145 ms for PRESS and 88ms for GOIA-sLASER – 
both measurements were performed with the same measurement parameters 
and acquisition time to be able to compare their outcome. Also lipid 
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suppression with the PRESS sequence was performed in the same way, with 
identical MEGA pulses and OVS bands. The spectra of PRESS and GOIA-
sLASER acquisitions were fitted with sequence specific LCModel (12) basis sets. 
Spectral quality was assessed from the outcome of the LCModel fits. For this 
purpose we calculated the quantity of voxels in which the metabolites of 
interest could be fitted with thresholds for a reliable fit set to a Cramér-Rao 
lower bound (CRLB) either below 20% or 30%. We took the central 6 × 6 voxels 
of 3 slices within the prostate for this analysis. To evaluate the signal benefit 
caused by the shorter TE and different J evolution the SNR of Cit and Cho 
achieved with GOIA-sLASER and with PRESS was calculated. The spectra were 
baseline corrected and phased based on the LCModel fits. The SNR was 
determined by dividing the highest Cit and Cho signal values of the real 
spectra by the standard deviation of the noise in a region of the real spectrum 
without signal peaks, between 7.7 ppm and 9.7 ppm. The SNR was calculated 
for the middle two slices and 16 central voxels per slice. These 32 voxels were 
averaged for each patient. 
 
 
Results 
Pulse sequence simulations 
For the GOIA-W(16,4) pulses we selected a pulse duration of 5.2 ms, similar to 
what is used for the HS pulses in the sLASER sequence (6), but with a larger 
bandwidth of 10 kHz.  The slice profiles of the GOIA-W(16,4) pulse in the 
GOIA-sLASER sequence were first evaluated by simulations with the Bloch 
equations (Figure 2a). These showed very little differences in profiles between 
spins resonating at the center of the frequency sweep (2.90 ppm) and the 
resonances of Cho and Cit. The maximal variance of the slice profile top is 1%, 
the CSDE is 0.5%. The excitation profile of the lipid resonance showed a 
slightly asymmetric profile, due to the larger frequency offset with respect to 
the center of the frequency sweep. The maximum difference between the 
profile top of the lipid signal and the carrier frequency is 7%. The CSDE at the 
lipid signal frequency is 3%, a bit larger than the 2% that is expected for a 10 
kHz pulse bandwidth. All simulated slice profiles achieved the intended 
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thickness of 50 mm with sharp edges and a flat excitation profile. Overall, these 
simulations predict a homogeneous excitation profile of the GOIA pulse for the 
chemical shift range of the resonances of interest in prostate MRSI. We also 
simulated the signal shape of the citrate resonance as a function of the inter 
pulse  timing and varying TE. From these simulations we chose a set of inter 
pulse delays with τ
1
=6.4 ms, τ
2
=23.8 ms, τ
3
=16.8 ms, τ
4
=20.2 ms and τ
5
=20.8 
ms and a resultant TE of 88 ms as an optimum for the Cit line shape. This 
timing was found to provide both, an in-phase spectral shape of the center 
lines of Cit with small side bands and a relatively short TE. Figure 3 shows a 
selection of the simulated timings. 
 
 
Figure 2   Slice profiles of the GOIA-W(16,4) pulse. (a) 50 mm slice profiles were simulated at the 
carrier frequency (black) and at the Cit (green), Cho (blue) and lipid (red) resonances. The 
simulations were performed with a Bloch equation simulation tool within Matlab. (b) Measured 
excitation profiles of a 50×50 mm2 VOI at the carrier and at the lipid frequency in a bottle of NaCl 
solution. Slice profile measurements at chemical shifts of Cit and Cho were not distinguishable 
from the slice profile at the carrier frequency and are therefore not displayed.  (c) Signal intensity 
map of the water peak at the carrier frequency, overlaid with the image of the phantom filled with 
a NaCl solution. The water peak integrals of the middle two rows (marked in blue) were used to 
determine the slice profile shown in (b). The VOI is marked by the white box. 
 
Phantom measurements 
The localization performance and fat contamination of the new sequence were 
compared with the PRESS sequence in phantom studies. The measured slice 
profiles provided by the GOIA-W(16,4) pulses with the center of the  frequency 
sweep at the carrier frequency and at the frequency corresponding to the lipid 
resonance (Fig. 2b) were in good agreement with the simulated profiles 
(compare with Fig. 2a). Both the simulated and measured slice profiles were 
slightly asymmetric for the off-resonance positions at the lipid frequencies. 
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Their slice profiles were only marginally displaced, illustrating the large 
bandwidth of the pulse and ensuring an accurate slice selection over the 
chemical shift range of interest.   
	
Figure 3    Signal shape simulations of the strongly coupled citrate protons at different TEs and 
different inter pulse delays. A T2 of 0.17 s (11) for the Cit protons was assumed to account for 
relaxation effects. The y-axis is equally scaled to allow a fair comparison of the signal amplitude. 
From the simulation results we choose for a TE=88 ms timing (marked by the black box) to 
accomplish a relatively short echo time and also providing an in-phase shape of the inner two lines 
of citrate.  
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Figure 4 MR spectra of a phantom, which is filled with metabolites appearing in the prostate (Cit, 
Cho, Cr and Spm). The spectra were acquired with (a) the semi-LASER sequence with GOIA-
W(16,4) refocusing pulses (TE=88 ms), (b) the semi-LASER sequence with HS2 refocusing pulses 
(TE=88 ms), (c) the PRESS sequence at a TE of 88 ms and (d) the PRESS sequence at a clinically 
used TE of 145 ms. All spectra have the same vertical range. 
 
MR spectra of the prostate phantom obtained with the semi-LASER sequence 
with the newly implemented GOIA-W(16,4) and with the widely used HS2 
refocusing pulses at a TE of 88 ms show the same line shape (Figs. 4a and b 
respectively). The signal intensity of Cit gained with the GOIA-sLASER 
sequence was 4% higher than the Cit signal achieved by the HS-sLASER 
measurement. For GOIA-W(16,4) refocusing pulses an RF amplitude of 475 Hz 
was needed, in comparison to 1100 Hz for the HS2 pulses. Despite the same 
TE of 88 ms, MR spectra obtained with the PRESS sequence achieved only 57% 
of the SNR of the GOIA-sLASER measurement. The J-evolution of the PRESS 
sequence at a TE of 88 ms is less advantageous and causes an inverted Cit 
shape and higher side lobes which result in a lower signal amplitude (Fig. 4c). 
Cit signals obtained by the clinically used PRESS sequence with a TE of 145 ms 
have a positive multiplet lineshape with slightly larger side lobes than the semi-
LASER measurements. The signal intensities were attenuated more, mainly 
because of J evolution. This caused a decrease of about 30% for the Cit SNR 
as measured with PRESS compared to the GOIA-sLASER sequence. The effect 
of T2 relaxation is less prominent, since the T2 values are longer for prostate 
metabolite spins in the phantom solution.     
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Figure 5   MRSI measurements of a phantom mimicking the prostate, performed with PRESS and 
GOIA-sLASER pulse sequence localization to evaluate lipid contamination. The sphere of the 
phantom is  filled with Cit, Cr, Cho and Spm and embedded in a box filled with sunflower oil. The 
VOI, indicated by the white box, is positioned within the sphere to not excite lipid resonances. 
Both sequences are executed with an echo time of 88 ms, to keep lipid signal relaxation 
comparable. Spectral maps ranging from -0.38 ppm to 1.28 ppm show the residual lipid signal of 
PRESS (a, c) and GOIA-sLASER (b, d) measurements acquired with both water and lipid-
suppression. The PRESS spectra show lipid signal contamination within voxels which don’t contain 
lipids and also outside the excited VOI, whereas the spectra acquired with the GOIA-sLASER have 
only very small lipid signal residuals. The lipid signals of both MRSI measurements are scaled 
equally to the highest lipid peak inside the VOI of the PRESS acquisition. 	
A comparison of the lipid suppression performance of sLASER GOIA and 
PRESS , both performed with a TE of 88 ms, is shown in figure 5. The PRESS 
spectra show substantial contamination of lipid signals within the phantom, 
caused by partial excitation of lipid signals outside the VOI (Fig. 5a+c). 
Because of the 10 kHz bandwidth of the GOIA-W(16,4) pulses, lipid 
contamination is virtually eliminated in the GOIA-sLASER spectra.  
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3D prostate MRSI of patients with prostate cancer 
In vivo GOIA-sLASER MRSI measurements of 10 patients with prostate cancer 
were performed using an endorectal receive coil on a clinical 3T MR system. 5 
out of the 10 patients also underwent a clinically relevant  PRESS acquisition, 
which allowed us to compare the signal to noise ratio (SNR) and spectral 
quality of the two MRSI modalities. 
 
	
Figure 6    MRSI measurements of a patient (patient 2 in table 1) with a biopsy proven 
adenocarcinoma in the peripheral zone, performed with PRESS (a-e) and GOIA-sLASER (f-j) pulse 
sequences. The VOI, indicated by the white box, is positioned around the prostate, also exciting 
parts of the surrounding lipids. Despite the OVS bands (hatched bands) placed around the 
prostate, lipid contamination can be recognized. For comparison the same 4 voxels have been 
chosen in both MRSI acquisitions. Whereas the mayor part of the PRESS spectra are distorted by 
lipid signals, metabolite resonances are well separated from lipid resonances or spectra are even 
lipid free in the GOIA-sLASER measurement.  
5 . 
Chapter 5  	
	92 
Figure 6 shows spectral maps and example spectra of in vivo 3D MRSI 
measurements acquired with a PRESS sequence with a TE = 145 ms (Fig. 6a-e) 
and a GOIA-sLASER sequence with a TE= 88 ms (Fig. 6f-j). The VOI was 
positioned around the prostate, partially exciting the periprostatic lipid spins. 
Although OVS bands were positioned around the prostate and MEGA pulses 
were applied, lipid signal contamination was present in the spectral maps 
recorded in both measurements. Most MR spectra of this patient obtained with 
the PRESS sequence showed particularly severe lipid contamination, making 
signal quantification cumbersome. In the MR spectra measured with the GOIA-
sLASER sequence, the metabolite peaks were well separated from the lipid 
peaks or the spectra were almost free of lipid signals. In particular the bottom 
row of the PRESS measurement showed much higher lipid signals than in the 
same row of the GOIA-sLASER measurements indicating less CSDE in the 
latter. In addition there is more signal drop towards the anterior part of the 
prostate in the PRESS MRSI indicating more inhomogeneous performance of 
the MAO pulses as compared to the GOIA(16,4) pulses. 
 
 
Figure 7   MR spectra of voxels within tumor tissue (a) and within healthy tissue (b), obtained with 
the GOIA-sLASER sequence. The red line shows the fit obtained with LCModel (15). 
 
The spectra of all patients, acquired with the GOIA-sLASER as well as with the 
PRESS pulse sequence, were fitted with LCModel on basis of a set of simulated 
metabolite signal shapes. In figure 7 spectra acquired with GOIA-sLASER and 
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their corresponding LCModel fits are shown, in cancerous (Fig. 7a) and non-
cancerous tissue (Fig. 7b) within the peripheral zone. The characteristic 
decrease of the Cit peak and increase of the Cho peak in cancerous tissue can 
be noticed. The GOIA-sLASER pulse sequence benefits from the shorter TE 
and the resulting increase in SNR: in both spectra, additional to the 
metabolites Cit, Cho, Cr and Spm, also taurine (Tau) and myo-inositol (mI) 
could be distinguished and fitted.  
For all 5 patients the number of high quality spectra (< 20 % and < 30 % CRLB) 
is higher in measurements acquired with the GOIA-sLASER sequence (Table 1).	
 
 
 Cit Cho Cr Spm Tau mI 
GOIA-
sLASER 
CRLB<20% 98 % 80 % 56 % 64 % 36 % 48 % 
CRLB<30% 99 % 87 % 75 % 77 % 75 % 71 % 
PRESS 
CRLB<20% 85 % 40 % 16 % 29 % 0 % 15 % 
CRLB<30% 92 % 53 % 37 % 48 % 2 % 24 % 
Table 1    Percentages of voxels in which the fit of the metabolites Cit, Cho, Cr, Spm, Tau and mI 
have a Cramér-Rao lower bound (CRLB) of  < 20 % and < 30 %. For the calculations the central 6 × 
6 voxels of 3 slides within the prostate of each of the 5 patients have been taken into account. 		
In a high fraction of spectra acquired with the GOIA-sLASER sequence we were 
also able to detect mI and Tau, whereas in PRESS spectra these metabolites 
mostly could not be distinguished from noise. To analyze the signal increase 
provided by the GOIA-sLASER sequence (TE=88 ms) compared to the 
standard PRESS (TE=145 ms) the SNRs of Cit and Cho were calculated in MR 
spectra obtained by both these sequences (Table 2).  
In all measurements the SNR was larger in the GOIA-sLASER spectra than in 
the PRESS spectra, about 2.6 times for Cit and 1.3 times for Cho, excluding the 
measurements of patient 2, which are shown in figure 6, containing 
contaminating lipid signals in several voxels. This demonstrates that signal 
quantification benefits from the good spectral quality in the GOIA-sLASER 
measurements.   	
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 GOIA-sLASER PRESS GOIA-sLASER/PRESS 
Cit Cho Cit Cho Cit Cho 
Patient 1 59.5 13.8 18.1 10.3 3.3 1.4 
Patient 2 38.8 10.7 2.43 0.9 16.0 12.0 
Patient 3 73.8 12.2 28.5 8.0 2.6 1.5 
Patient 4 32.5 4.9 17.9 4.7 1.8 1.0 
Patient 5 29.5 4.1 11.9 3.0 2.5 1.4 
Table 2   Signal to Noise Ratio (SNR) of the Cit and Cho signals in spectra measured with the 
GOIA-sLASER and PRESS pulse sequences in five patients. 	
Based on a T2 of 170 ms (11) for Cit we estimate a signal increase of just 40% 
when decreasing the TE from 145 ms to 88 ms. From simulations we expect an 
additional signal increase of 30% caused by less cancellation due to J coupling. 
For Cho we are expecting an increase of 30%, based on a T2 of 220 ms (11), 
which is similar to the signal increase in our measurements.  
The application of GOIA-W(16,4) pulses allowed us to perform semi-LASER 
MRSI measurements of the prostate with a matrix size of 14×10×12 within an 
averaged TA  of 11 min (TR = 1000 ms) , including an endorectal coil for 
receiving. The semi-LASER measurements executed with the more common 
used HS2 refocusing pulses would have taken about 20 min (TR = 1800 ms) 
due to SAR limitations. The measurements with PRESS could have been 
performed in a 25% shorter acquisition time than with the GOIA-sLASER 
sequence, if a TR = 750 ms would have been applied.  
 
 
Discussion 
In this work we implemented a semi-LASER sequence with low power GOIA 
refocusing pulses (5) using WURST(16,4) modulation for RF and gradient 
waveforms (9) and optimized this sequence for application to the human 
prostate. This included MEGA pulses for water and lipid signal suppression and 
dedicated timing for maximum absorptive intensity for the inner lines of the 
signal of citrate at an intermediate echo time of 88ms. With this 3D 1H MRSI 
sequence excellent spectra were obtained of nominal voxels of 6×6×6 mm3 in 
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about 11 min (weighted k-space sampling, Hamming filtering). Due to a 
reduced chemical shift displacement artifact and the better slice profile of the 
GOIA-W(16,4) pulses lipid signal contamination was substantially reduced. This 
resulted in more artifact free spectra with well resolved metabolite signals. 
Frequency offset corrected inversion (FOCI) pulses are an alternative for GOIA 
refocusing pulses (18). They have a better off resonance slice profile with less 
distortions than GOIA pulses, but require a higher RF peak amplitude (9). The 
slight distortions are less of a problem in the application of the GOIA pulses to 
the prostate as the chemical shift range of the metabolite signals of interest is 
limited to about 200 Hz (1.5 ppm). Moreover, in the WURST(16,4) variant of the 
GOIA pulses there is less smearing than in the hyperbolic secant variant (9).  
The LASER sequence has been combined with GOIA-HS4 pulses for prostate 
MRSI with an endorectal transmit/receive coil at 4T previously (19). Because the 
full LASER sequence uses adiabatic slice selection in all three directions, it 
suffers less from B1 inhomogeneity and CSDE in the third direction, in 
comparison to the semi-LASER sequence. To fulfill SAR restrictions a TR of 
2000 ms was used, resulting in a measurement time of 15 min for a 5×4×3 
matrix and 6 averages. Translating this TR to the matrix size of 14×12×10 and 
performing weighted k-space sampling would result in a measurement time of 
22:10 min for 3 averages and therefore being unfeasible for clinical practice. 
Without an endorectal coil the acquisition time can be shortened, but it 
remains to be seen if sufficiently short for clinical practice. 
By using the semi-LASER sequence, which has one conventional pulse for 
excitation and four adiabatic pulses for refocusing, the average applied RF 
power is much lower, allowing for an acquisition time between 9 and 12 min in 
combination with GOIA-W(16,4) pulses. Without an endorectal coil the current 
sequence can be applied at a slightly shorter acquisition time.  
Ideally one would chose a very short TE to detect metabolites with short and 
long T2 values in equal measure and to achieve a good SNR. As shown before 
prostate MRSI experiments can be performed with TEs of 40 ms and 32 ms (18, 
19), making the detection of mI and Tau additional to Cit, Cho, Cr and 
polyamines possible. Furthermore it has been shown that, in contrast to brain 
measurements, in the prostate the macromolecular signals at short TEs are 
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negligible relative to the metabolite signals, which makes detection of 
metabolites with low tissue concentrations possible (20). However, lipid signals 
are much more dominant and metabolite quantification is hindered or even 
impossible due to lipid signal contamination in several voxels at short TEs. 
Therefore good lipid suppression is crucial. One approach to suppress lipid 
signals at a TE of 40 m s is a PRESS pulse sequence with spectral-spatial 
excitation and conformal voxel MRS (CV-MRS) (21). CV-MRS is an OVS 
technique which automatically positions up to 20 OVS bands with optimized 
flip angles around the prostate, providing good lipid suppression, but 
requiring long acquisition times of 19 min due to SAR limitations. Spectral-
spatial pulses have also been used to reduce lipid (and water) signal 
contamination in prostate MRSI using other variations of the PRESS sequence 
at echo times of about 85 ms (22,23).  
The GOIA-sLASER sequence has a more accurate localization and a smaller 
CSDE than the PRESS sequence with narrow-band refocusing pulses, because 
of the very precise excitation profile of the GOIA-W(16,4) pulse, also for offsets 
at the frequency of the methyl protons of lipids. Therefore, this sequence 
suffers much less from lipid signal contamination. In addition, excitation of 
periprostatic lipid spins within the VOI is suppressed by MEGA pulses, as in the 
standard PRESS. With the current timing of the water and lipid suppression in 
the GOIA-sLASER sequence an echo time of about 40 ms is not possible. 
Therefore the shortest possible echo time was determined by an optimal line 
shape of Cit and also by the lipid suppression quality of the sequence, 
resulting in a TE of 88 ms.  
For the Cho and Cit signals in a GOIA-sLASER measurement at a TE of 88 ms, 
the SNR increased by a factor of 1.3  and 2.6 respectively, as compared to a 
PRESS measurement at a TE of 145 ms. The T2 values reported for Cho methyl 
spins vary between 220 ms (11)  and 62 ms (20), which would translate to an 
SNR increase between 30% and 250%. As we measured a signal increase of 
about 30% it is more likely that the T2 of the choline methyl protons is closer to 
220ms. The estimated apparent T2 value for citrate proton spins at 3T is 170 ms 
(11), which would correspond to an SNR increase of 40%. From simulations we 
expect an additional signal increase of 30% due to a more advantageous Cit 
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modulation of the GOIA-sLASER sequence in comparison to the PRESS 
acquisition at a TE of 145 ms. The additional apparent increase in SNR may be 
due to a more favorable B1 performance of the GOIA compared to the MAO 
refocusing pulses and less lipid signal contamination. It might also be that the 
T2 of citrate is somewhat lower (e.g. at 1.5T , apparent T2 values of about 140 
ms have been reported (24)), and finally a small contribution may come from 
longer T2 rho values effective during the adiabatic pulses (9,25).  
The higher SNR of the resonances in the spectra of the prostate with the 
GOIA-sLASER can be exploited for a more accurate determination of the 
relative metabolite levels or alternatively to select smaller voxels or to acquire a 
3D MRSI in a shorter time. If we sacrifice most of the SNR gain a measurement 
time of  ca. 5 minutes is possible. This reduces the chance for movement 
artifacts and would facilitate further clinical usage. However, it does require a 
more flexible k-space acquisition scheme than currently used. A shorter TR 
would be possible with the new sequence in measurements without an 
endorectal coil as this allows for more RF power deposition.  
Because of the shorter TE, better SNR and the high quality of the spectra we 
achieved with the GOIA-sLASER sequence, it becomes possible to detect 
signals for mI and Tau. In the majority of the voxels a reliable detection of 
these signals was possible, in contrast to their detection in spectra obtained 
with PRESS at TE=145 ms, in which almost no mI and Tau signals could be 
fitted with LCModel. With an estimated T2 of 90 ms for mI (20) we are 
expecting a factor 2 increase in signal between GOIA-sLASER and PRESS. The 
tissue content of mI may vary over the prostate as described in previous ex 
vivo studies of prostate tissue and secretions (26,27). A better detection of 
these signals may give information about different tissue properties, but 
requires fine tuning of the MEGA pulses. Besides suppressing water and lipid 
signals, the MEGA pulses also influence all other signals which are resonating 
between 0.3 ppm and 1.9 ppm and between 3.9 ppm and 5.5 ppm. Further 
resonances of Spm (1.81 ppm), Cr (3.91 ppm), Cho (4.05 ppm) and mI (4.05 
ppm) are within the range of the MEGA pulses, which therefore may have an 
impact on the signal intensity and shape of other protons in these molecules 
within our region of interest as well. For that reason we included the MEGA 
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pulses in the signal simulations, which are used for the LCModel basis set. 
However, small spectral shifts of the MEGA pulses, e.g. due to field changes 
caused by movement, may have an effect on signal intensities and shapes and 
are difficult to consider in the signal fitting. 
 
Conclusion 
We have developed a semi-LASER sequence with high bandwidth and low RF 
power GOIA-W(16,4) refocusing pulses, enabling 3D MRSI with a TE of 88 ms 
in the prostate at 3T with an endorectal coil in a clinically feasible scanning 
time of about 11 min. The improved localization and the reduced CSDE 
substantially lowered the lipid signal contamination. The resulting flat baseline 
and good signal peak separation facilitated more robust signal fitting and 
quantification. We demonstrated improved SNR throughout the prostate due 
to shorter TE, advantageous J-modulation of Cit and better lipid signal 
suppression and therefore were able to better quantify Cit, Cho, Cr and PA 
and additionally to quantify mI and Tau.  
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Abstract  
Purpose: Cartesian k-space sampling in 3D MRSI of the prostate limits the 
selection of voxel size and acquisition time. Therefore, large prostates are 
often scanned at reduced spatial resolutions to stay within clinically acceptable 
measurement times. Here we present a semi-localized adiabatic selective 
refocusing (sLASER) sequence with gradient-modulated offset-independent 
adiabatic (GOIA) refocusing pulses and spiral k-space acquisition (GOIA-
sLASER-Spiral) for fast prostate MRSI with enhanced resolution and extended 
matrix sizes. 
Methods: MR was performed at 3T with an endorectal receive coil. GOIA-
sLASER-Spiral at TE=90ms was compared to a PRESS with weighted, elliptical 
phase encoding at TE=145ms using simulations and measurements of 
phantoms and patients (n=9). 
Results: GOIA-sLASER-Spiral acquisition allows prostate MR spectra to be 
obtained in ~5min with a quality comparable to those acquired with a common 
Cartesian PRESS protocol in ~9min, or at an enhanced spatial resolution 
showing more precise tissue allocation of metabolites. Extended FOVs and 
matrix sizes for large prostates are possible without compromising spatial 
resolution or measurement time.  
Conclusion: The flexibility of spiral sampling enables prostate MRSI with a wide 
range of resolutions and FOVs without undesirable increases in acquisition 
times as in Cartesian encoding. This approach is suitable for routine clinical 
exams of prostate metabolites. 
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Introduction  
Proton Magnetic Resonance Spectroscopic Imaging (MRSI) has diagnostic 
value in the detection of cancer in the prostate (PCa) and in determining its 
aggressiveness by assessing ratios of choline (Cho), polyamine (PA), creatine 
(Cr) and citrate (Cit) signals (1–3). However, its routine clinical use is still 
hampered by some technical challenges, such as reliable elimination of 
spectral contamination with lipid signals arising from periprostatic fat tissue.    
Recently, we demonstrated that volume selection of the prostate by a semi 
Localized Adiabatic SElective Refocusing (sLASER) sequence with low-power 
gradient-modulated offset-independent adiabatic (GOIA) refocusing pulses 
reduces lipid signal contamination compared to localization by conventional 
refocusing pulses in a standard point-resolved spectroscopy sequence (PRESS), 
mainly due to less chemical shift displacement error (CSDE) (4). Because of a 
shorter sLASER echo time (TE), resulting in an optimal absorptive spectral 
shape of the strongly coupled Cit spins and less T2 relaxation, the signal-to-
noise ratio (SNR) of Cit and Cho increased (4,5). It has become common in 
MRSI to employ weighted elliptical phase encoding (PE) to avoid long 
acquisition times. Subsequent k-space apodization with a Hamming filter, 
matching the acquisition weights, optimizes the SNR and reduces side lobes of 
the point spread function (PSF), which reduces lipid signal artifacts (6,7), but 
comes at the cost of less spatial resolution. Although this enables prostates of 
most sizes to be measured in about 10 min at nominal resolutions below 1 cc 
(1,6), the measurements may become unacceptably long if matrix sizes need to 
be extended to cover larger prostates.   
MRSI can be performed more efficiently by sampling the spatial and spectral 
dimension simultaneously, e.g. by traversing k-space in several short spiral 
trajectories within one read-out period (8,9). Spiral sampling can be useful to 
accelerate MRSI if the resonances of interest have sufficient SNR, or 
alternatively to acquire MRSI with larger matrix sizes covering a large field of 
view (FOV) without a time penalty. Spiral sampling is more flexible than 
classical Cartesian PE in matching FOV, matrix size and acquisition time.  
Accelerated k-space sampling is only useful if sufficient SNR is available. The 
SNR can be enhanced by the use of an endorectal receive coil (ERC), which has 
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a high sensitivity because it is positioned close to the prostate. However, this 
reduces the maximum allowed radiofrequency (RF) power deposition 
compared with a setup with external array coils only, to account for potential 
residual coupling between the body transmit coil and the ERC. To avoid long 
acquisition times due to this additional RF power limitation, the use of low 
power demanding RF pulses is desirable. 
The aim of this study was to design and test an sLASER sequence with GOIA 
refocusing pulses (GOIA-sLASER) and spiral acquisition with an ERC for fast 
prostate MRSI at high resolution or extended matrix sizes. This sequence was 
compared to the commonly employed point-resolved spectroscopy sequence 
(PRESS) with weighted elliptical PE using simulations, phantom studies and 
measurements of patients with prostate cancer. 
 
  
Methods  
Measurements were performed on a 3T MR system (MAGNETOM Trio, 
Siemens Healthcare, Erlangen, Germany) with a body coil for transmission and 
an endorectal coil (ERC, Hologic Inc., Bedford, MA, USA) for signal reception. 
For the phantom measurements the standard body and spine array receive coil 
configuration was used.   
 
MR pulse sequences 
A product PRESS sequence with MAO refocusing pulses and weighted 
elliptical k-space acquisition (6) and a non-product sLASER sequence with low 
power adiabatic GOIA-Wurst(16,4) refocusing pulses (4,10) and spiral k-space 
acquisition (8) were used. In both sequences the volume of interest (VOI) 
selected by the excitation and two refocusing RF pulses covered the 
dimensions of the prostate or phantom. The interpulse timing was optimized 
for an absorptive shape of the central lines of Cit at an intermediate echo time 
for residual lipid signal attenuation by T2 decay. This resulted in TE= 145 ms for 
the PRESS (11) and TE= 90 ms for the GOIA-sLASER sequence. Unwanted 
magnetization from RF pulses was spoiled by crusher gradients around the 
refocusing pulses and water and lipid signals were attenuated by two dual-
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frequency selective Mescher-Garwood (MEGA) pulses (12,13). Additionally, up 
to 7 outer volume suppression (OVS) slices were added to further suppress 
periprostatic lipid signals. The spiral acquisition featured constant-density spiral 
trajectories with Nt time interleaves and Ns spiral interleaves, to sample the 
spectral and two spatial dimensions, respectively. The third spatial dimension 
was sampled using conventional PE, with Nz steps. The total measurement time 
then equaled Nt∙Ns∙Nz∙TR, with TR being the repetition time. Trajectory settings 
were chosen to minimize the total measurement time and maximize SNR within 
slew rate and gradient constraints. Further details are given below.   
  
Simulations and phantom studies 
The resolution of the k-space trajectories was evaluated by simulating the PSF, 
k-space sampling density and k-space sampling volume for the spiral trajectory, 
elliptical PE and elliptical PE with additional 3D Hamming k-space filter. 
For the simulations of the elliptical PE we determined the PSF response of a k-
space with evenly spaced sampling points Δk within a ellipse with respective 
axes − !!,!,!!!! Δk,+ !!,!,!!!! Δk  for odd matrix sizes and − !!,!,!!!! Δk,+ !!,!,!!!! Δk  for even matrix sizes. For the spiral measurements 
the PSF was calculated from the simulated density compensated spiral 
trajectories. The applied spherical Hamming filter H(k)  was defined as:  
H k =
k < f                                                        1
f < k < k!"#      0.54 + 0.46 cos !( !!!"#!(!!!))!k > k!"#                                            0.08
 
Where f is the parameter that determines the fraction of the k-space radius that 
is filtered (14). All simulations were performed with MATLAB 2013a (The 
Mathworks Inc, Natick, MA, USA) and included: FOV of 80×80×60 mm3, matrix 
size of 16×16×12 and nominal voxel size of 5×5×5 mm3. The real voxel size was 
calculated by determining the volume within the Full Width at Half Maximum 
(FWHM) of the PSF. 
For the experimental determination of the localization performance of the two 
k-space trajectories we used a plexi-glass cylinder (13 cm diameter and 18 cm 
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length) filled with N-acetylaspartate (NAA) and a cube (20×20×20 mm3) filled 
with creatine (Cr) placed inside the cylinder. Cartesian and spiral k-space 
schemes were applied with a FOV of 160×160×160 mm3, a matrix size of 
8×8×8, corresponding to a nominal voxel size of 20×20×20 mm3, as large as the 
Cr containing cube. 
 
Patient measurements 
The institutional ethics committee waived the need for informed consent. MRSI 
with both sequences was performed on 9 patients, as part of a clinical MRI 
protocol for PCa staging with an ERC. If not contraindicated, they received a 
dose of butylscopolamine and glucagon to decrease peristaltic motion. 
The GOIA-sLASER MRSI with spiral acquisition was performed at two different 
spatial resolutions. The first acquisition was acquired with a FOV of 80×80×60 
mm3, a matrix size of 16×16×x12, 6 spiral interleaves and 2 temporal 
interleaves (nominal voxel size 5×5×5 mm3). The second acquisition was 
acquired with a FOV of 160×160×84 mm3, a matrix size of 23×23×12, 5 spiral 
interleaves and 2 temporal interleaves (nominal voxel size 7×7×7 mm3). The TR 
was 1000 ms, which in one case had to be increased to 1100 ms due to specific 
absorption rate (SAR) limitations. With two averages this results in an 
acquisition time of 4:52 min or 4:04 min for the smaller and larger matrix size 
respectively.   
The PRESS sequence was also performed with two nominal voxel sizes. A voxel 
size of 5×5×5 mm3 was obtained with a FOV of 70×60×60 mm3 and a matrix 
size of 14×12×12 and a voxel size of 6×6×6 mm3 was obtained with a FOV of 
84×60×72 mm3 and a matrix size of 14×10×12. k-space sampling was done with 
weighted elliptical PE averaging. The TR was 750 ms and the number of 
weighted averages was 2 for the larger and 3 for the smaller matrix, resulting in 
measurement times of 8:44 min and 8:19 min respectively.  
k-space filtering is applied to reduce PSF side lobes, resulting in an increased 
voxel size. Noise variance is lowest and consequently SNR efficiency is best, 
the more the windowing function is matched to the k-space sampling density 
(7,15). Since the k-space sampling densities of the two k-space acquisition 
schemes differ, we applied different Hamming filters in order to optimally filter 
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each acquisition. For the PRESS weighted elliptical k-space sampling a 100% 
Hamming filter was used. The spiral k-space data was filtered using a 50% 
Hamming filter, which fits its k-space density better than the 100% Hamming 
filter. 
MRSI spectra were analyzed using custom made LCModel basis sets for GOIA-
sLASER and PRESS (16). Since acquisition parameters, like voxel size, matrix 
size and TE, were different between the sequences, a fair SNR comparison was 
not possible. To evaluate spectral quality we analyzed the outcome of the 
LCModel fits and calculated the percentage of voxels in which Cit, Cho, Cr and 
spermine (Spm) were fitted with a Cramér-Rao Lower Bound (CRLB) below 
20%. 
 
 
Results 
Simulations 
Simulations were performed to investigate the effect of the sampled k-space 
volume (Fig. 1a) on the PSF for spiral k-space encoding and for elliptical PE 
(Fig. 1b). Because of the smaller k-space volume sampled by the elliptical PE, 
the central lobe of its PSF is wider leading to a larger real voxel volume 
compared to spiral encoding with full PE in the z-direction (Fig. 1c). The use of 
a 100% Hamming filter, matching the weighted elliptical PE, suppresses lipid 
signal contamination arising from the PSF side lobes (7). This causes additional 
widening of the central lobe and, therefore, a larger real voxel volume (see Fig 
1b and 1c). For spiral k-space sampling a 50% Hamming filter was used, which 
results in decreased side lobes and widening of the central lobe of the PSF as 
well. Overall spiral k-space sampling with 50% Hamming filtering provides a 
higher spatial resolution, due to a narrower PSF main lobe. 
 
Phantom measurements 
Experimental verification of the localization performance of the different k-
space sampling and filtering techniques was done with a two-compartment 
phantom with Cr only present in the inner 20×20×20 mm3 compartment (Fig. 
1d-f). With the MRSI voxel size and grid position chosen to exactly match the 
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compartment, no Cr signal should be observed outside the compartment if 
voxel localization were perfect. Spiral sampling in combination with 50% 
Hamming filter showed less signal intensity outside the Cr containing 
compartment than the measurement acquired with elliptical PE and 100% 
Hamming filter (compare Fig. 1d and 1e), which agrees with its smaller real 
voxel size (table 1).  
 
	
Figure1 Simulations and phantom measurements of the elliptical PE and spiral k-space sampling: 
(a) k-space volumes sampled by the spiral trajectory (blue mesh) or weighted PE (red solid 
ellipsoid). (b) 1D PSFs of spiral k-space sampling with and without 50% Hamming filter (blue 
dashed and solid line, respectively) and elliptical PE with and without 100% Hamming filter (red 
dashed and solid line, respectively). The PSFs are normalized to their maximum values. (c) 
Isosurfaces of 3D PSF at FWHM of the spiral k-space sampling with 50% Hamming filter (blue solid 
ellipsoid) and elliptical PE with 100% Hamming filter (red mesh). All simulations were performed 
with a FOV of 80×80×60 mm3 and a matrix size of 16×16×12, resulting in a nominal voxel size of 
5×5×5 mm3. (d-f) 3D MRSI phantom measurements to evaluate the localization performance of 
weighted elliptical PE and spiral encoding. The inner compartment of the phantom contains Cr and 
the outer compartment is filled with NAA. The FOV (160×160×160 mm3) and the matrix size 
(8×8×8) have been chosen that way that the resulting nominal voxel size (20×20×20 mm3) was as 
large as the Cr containing cube. Cr-maps of 100% Hamming filtered weighted elliptical PE (d) and 
50% Hamming filtered spiral sampling (e) are shown (signals are normalized to their maximum 
intensity). In (f) the Cr signal profile for both acquisitions along the central white line are displayed 
(signal intensities are not normalized). 
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Due to the narrower FWHM of its PSF, the spiral k-space sampling has a 
smaller real voxel size and therefore a higher spatial resolution. Hence, also the 
Cr signal profile of the spiral sampling is narrower (Fig. 1f). The slight shift to 
one direction might be a reconstruction inaccuracy. 
 
 
Nominal voxel 
size 
Hamming 
fi lter 
FWHM 
volume 
Weighted ell iptical  
phase encoding 
5×5×5 mm3  
= 0.125 cm3 
No 0.45 cm3 
100% 0.60 cm3 
6×6×6 mm3  
= 0.216cm3 
No 0.81 cm3 
100% 1.06 cm3 
Spiral k-space 
sampling 
5×5×5 mm3  
= 0.125 cm3 
No 0.17 cm3 
50% 0.34 cm3 
7×7×7 mm3  
= 0.343 cm3 
No 0.45 cm3 
50% 0.90 cm3 
Table 1 Real voxel sizes of elliptical phase encoding and spiral k-space sampling with and 
without Hamming filtering. The voxel volumes were calculated by determining the volume within 
the FWHM of the PS 
 
Patient measurements 
MRSI with the GOIA-sLASER sequence with spiral acquisition (TE= 90 ms, 50% 
Hamming) and with the clinically applied PRESS sequence with weighted 
elliptical PE (TE = 145 ms, 100% Hamming) was performed successfully on all 9 
patients. 3D MRSI spectra with relevant metabolic information of the complete 
prostate were obtained in about 9 min with PRESS and PE readout (Fig. 2a, b, 
c). Metabolite data of the whole prostate of similar quality were acquired by 
the GOIA-sLASER sequence with spiral readout (Fig. 2d,e, f), even with a 
smaller real voxel size and acquisition below 5 min. The spectral shapes differ 
between both methods because of the different RF pulses and timings, but all	
spectra show a comparable separation of Cit, Cho, Spm and Cr (Fig. 2b, c, e, f). 
The MR spectra were fitted with sequence specific LCModel basis sets (red 
lines).  
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Figure 2 Spectral maps of in vivo prostate MRSI measurements of patient 6, obtained with (a) the 
PRESS sequence with weighted elliptical PE (TE = 145 ms, 100% Hamming filtered, real voxel size 
= 1.12 cm3) and with (d) the GOIA-sLASER sequence with spiral k-space sampling (TE = 90 ms, 
50% Hamming filtered, real voxel size = 0.90 cm3). Spectra close (b, e) and distant (c, f) to the ERC 
are zoomed in on a range from 2.4 ppm to 3.4 ppm. The red lines show the sequence specific 
LCModel fits. The matrices are interpolated to 16×16, the real voxel sizes are illustrated by the 
circles. The VOI, indicated by the white box, is positioned around the prostate. OVS bands 
(hatched bands) are placed adjacent to the prostate. 
 
As a consequence of the smaller real voxel sizes (table 1) and shorter 
measurement times, the SNR of the GOIA-sLASER-Spiral measurements was 
about 20% lower than with the PRESS sequence. For both measurements the 
SNR drops towards the ventral parts of the prostate due to the receive profile 
of the ERC, but is still high enough to separate the metabolites in most cases. 
For large prostates, however, SNR in the ventral part may be insufficient with 
the current voxel sizes and number of averages of the GOIA-sLASER-Spiral 
acquisition. The number of voxels for which Cit and Cho signals were fitted 
reliably (CRLB< 20%) in the central slices of the patients’ prostates was 
comparable for both sequences (Table 2). 
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patient 
 
nominal voxel 
size (mm3)  
real voxel 
size (cm3) 
TA 
 (min) 
Cit 
 
Cho 
 
 
1 5x5x5 0.62 8:44 0,94 0,50 
PRESS 
Hamming 
100% 
 
2 5x5x5 0.62 8:44 0,99 0,47 
3 6x6x6 1.12 8:19 1,00 0,37 
4 6x6x6 1.12 8:19 1,00 0,32 
5 6x6x6 1.12 8:50 1,00 0,33 
6 6x6x6 1.12 8:19 0,99 0,33 
7 6x6x6 1.12 8:19 0,96 0,13 
8 6x6x6 1.12 8:19 0,47 0,74 
9 6x6x6 1.12 8:19 0,98 0,00 
 
average 
stdev  
  
0.93 
0.17 
0.35 
0.21 
 
1 5x5x5 0.33 4:52 0,87 0,33 
GOIA-sLASER -
Spiral 
Hamming 50% 
 
2 5x5x5 0.33 4:52 0,97 0,33 
3 5x5x5 0.33 4:52 0,84 0,24 
4 5x5x5 0.33 4:52 0,92 0,22 
5 5x5x5 0.33 4:52 0,94 0,13 
6 7x7x7 0.90 4:04 0,92 0,74 
7 7x7x7 0.90 4:04 0,94 0,63 
8 7x7x7 0.90 4:31 0,78 0,64 
9 7x7x7 0.90 4:04 0,98 0,18 
average 
stdev  
  
0.91 
0.07 
0.38 
0.23 
Table 2 Fraction of the number of voxels in which the LCModel fit of the metabolites Cit and Cho 
had a Cramér-Rao Lower Bound (CRLB) below 20%. For these calculations the central three slices 
of the patients’ prostates were used, excluding their most ventral rows because of lipid 
contamination in the PRESS measurements and interference with the OVS bands. 
 
The average percentages of voxels with a CRLB < 20% for the GOIA-sLASER-
Spiral and the PRESS-PE protocol were 91% and 93% for Cit and 38% and 35% 
for Cho, respectively. In one patient (# 8) the detection rate of Cit was only 
47% in the PRESS measurement, while reaching 78% in the GOIA-sLASER-
Spiral measurement. We observed spurious lipid signals overlapping the Cit 
resonance in spectra of a number of voxels using PRESS acquisition, mostly at 
the edges of the prostate, impeding reliable fitting of the Cit signal. In 
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contrast, using GOIA-sLASER, lipid contamination was considerably reduced, 
resulting in a higher fraction of voxels with a reliably fitted Cit signal.  
For the major metabolite signals the higher SNR provided by GOIA-sLASER at 
TE=90 ms compared to PRESS at TE=145 ms can be exploited in spiral 
acquisition to use higher matrix dimensions for smaller voxels or for a larger 
FOV at the same voxel size at a shorter measurement time.  The smaller real 
voxel size of the spiral acquisition also reduces partial volume effects. This is 
illustrated in Figure 3, in which spectra of the same prostate (patient 2) 
obtained at a nominal voxel size of 5x5x5 mm3 by PRESS with weighted 
elliptical PE and by GOIA-sLASER with spiral readout are compared.  
 
 
Figure 3 Comparison of the spatial resolutions achieved with the GOIA-sLASER-Spiral sequence 
and the PRESS sequence. Coronal T2 weighted anatomical image of the prostate of patient 2 (b) 
and superimposed metabolite maps of Cho, acquired with PRESS (c) and GOIA-sLASER-Spiral (d). 
Regions of interest of 3×3 voxels were drawn close to the seminal vesicles and the ejaculatory 
ducts, where increased Cho and decreased Cit signals are expected. The corresponding spectra 
for the PRESS (a) and the GOIA-sLASER-Spiral acquisition (e) are zoomed in on a scale between 2.4 
ppm and 3.4 ppm and scaled according to the highest Cit signal within the ROI. The GOIA-
sLASER-Spiral acquisition shows a strongly improved signal localization and reduced leakage to 
neighboring voxels compared to PRESS (d, e), due to its smaller real voxel size of 0.34 cm3 
compared to the real voxel size of 0.60 cm3 of PRESS. 
 
MR spectra from the seminal vesicle area show a distinct local higher choline 
methyl signal and a lower citrate signal with spiral GOIA-sLASER, whereas this 
is less obvious in the PRESS measurement, because of larger real voxel sizes 
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and resulting partial volume effects. High choline and low citrate levels are 
expected in the seminal vesicle area, as secretions produced in the seminal 
vesicles contain mainly fructose and phosphocholine (17,18), but no citrate. 
Citrate is produced in the epithelial cells of the prostate itself.  
 
 
Discussion 
With this work we demonstrate the feasibility of combining a GOIA-sLASER 
sequence (4) with spiral k-space acquisition (8,9,19) in MRSI of the prostate to 
overcome the inflexibility of conventional Cartesian phase encoding. In 
particular we show that this combination allows MRSI at enhanced resolution 
and that FOV and matrix dimensions can be adjusted to fit any prostate 
without penalties in spatial resolution or acquisition time.  
A LASER sequence with GOIA pulses and spiral acquisition has been 
successfully applied to MRSI of the brain (20). For MRSI of the prostate with an 
ERC, semi-LASER acquisition is suited better, since it requires less RF power, 
and thus allows for shorter repetition times than a full LASER acquisition would 
require. 
Previously, we showed that the GOIA-sLASER sequence with TE ≈ 90 ms has 
several advantages compared to standard PRESS with TE= 145 ms, such as 
reduced dispersive components in the citrate peak, better VOI selection and a 
decreased CSDE of the GOIA-Wurst(16,4) refocusing pulses which reduces 
lipid contamination, facilitating more artifact-free spectra. Moreover, with this 
relatively short TE the SNR for metabolite signals increases, in particular for Cit, 
which together with a favorable J-modulation results in a 2.6 times higher SNR 
as compared to PRESS at TE = 145 ms. The Cho signal intensity is enhanced by 
a factor of 1.3 (4). Furthermore, as GOIA refocusing pulses need less RF power 
than conventional adiabatic pulses (10), it is possible to use an ERC for higher 
signal sensitivity while remaining within the SAR limits, adapted for ERC usage, 
at acceptable TRs. The increased SNR provided by these features can be 
exploited to increase spatial resolution within the same acquisition time or to 
retain similar resolution but shorten acquisition times. This is only possible by 
using efficient k-space encoding like with spiral trajectories. In this study we 
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combined GOIA-sLASER with spiral acquisition for 3D MRSI to obtain MR 
spectra of real voxel sizes of 0.3 – 0.9 cm3 in measurement times just below 5 
min instead of the common 9 min with PRESS and real voxel sizes of 0.6 – 1.1 
cm3.  Shorter acquisition times are clinically more attractive and there is also 
less chance of interference with unpredicted (peristaltic) motion and thus less 
chance of spoiling spectral quality.  
The more advantageous k-space sampling of the spiral acquisition results in 
smaller real voxel sizes than for elliptical PE, which reduces partial volume 
effects, as clearly illustrated by the better metabolic characterization of the 
seminal vesicle area. However, for large prostates the SNR of the anterior part 
can be critical, due to the sensitivity profile of the ERC and therefore more 
averages may be required than used in the present GOIA-sLASER exams. It is 
possible to further improve SNR by using variable-density spirals in 
combination with a suitable k-space filter, as the match between the sampling 
density of the constant-density spirals and the 50% Hamming filter is not 
optimal. By using variable-density spirals (21) being proportional to their filter 
function the PSF side lobes and therefore signal leakage from neighboring 
voxels can be minimized without increasing the noise variance (7,15). 
Furthermore, additional oversampling near the k-space center would be 
beneficial for the SNR. By the use of weighted PE and a matching k-space filter 
in the z-direction, acquisition time and SNR can be further optimized, slightly 
compromising voxel size. 
A fair SNR comparison between GOIA-sLASER with spiral and PRESS with 
weighted elliptical PE acquisition is difficult due to differences such as their 
PSFs and therefore real voxel sizes. That is why we compared spectral quality 
instead, as detection and discrimination of metabolites is most important for 
MRSI. The average percentages of voxels with a CRLB < 20% for the GOIA-
sLASER-Spiral and the PRESS-PE protocol were around 90% for Cit and around 
35% for Cho. The high detection rate of Cit in both protocols is due to high Cit 
concentrations in healthy prostate tissue. The lower percentages for acceptable 
Cho fits reflect the lower SNR and overlap with spermine of this signal in many 
voxels. Longer repetition and acquisition times would be necessary to reach an 
SNR for comparable fitting of the Cho signal. However, in the characterization 
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of tumor tissue, for which the Cho signal is increased, the low signal in healthy 
prostate spectra is not so much a concern.  The spectra of voxels covering the 
seminal vesicles, showing increased choline, are a good example of what what 
can be expect if cancer is present. These increased Cho signal levels are fitted 
very well.  
The improved lipid suppression, flat baseline, better intrinsic SNR and good 
signal separation provided by the GOIA-sLASER protocol more than 
compensates for the SNR loss due to the faster k-space sampling scheme and 
therefore facilitates spectral quality comparable to a PRESS protocol using 
elliptical PE and longer acquisition times at larger real voxel sizes. 
For post processing of spiral acquisition the sampled k-space points have to be 
rearranged to a Cartesian grid, which is a potential source of small 
inaccuracies. This might be a reason for the slight shift of the Cr signal profile 
in Figure 1f. This shift is however small compared to the dimensions of the 
voxel, and is not of great concern for prostate tissue characterization. 
One drawback of spiral sampling is the need for rewinding the spiral trajectory 
from its k-space endpoint to the center. During this period no signal is 
recorded causing a loss in SNR (~ 12%). This can be overcome by using out- 
and in- rewinding spirals (22), which however reduces the spectral bandwidth 
due to the increased duration of the spirals.  
 
 
Conclusion 
A GOIA-sLASER sequence with spiral k-space acquisition is a robust and 
flexible method to obtain 3D MRSI of the prostate at a wide range of spatial 
and time resolutions and FOVs including those needed for large prostates, 
without undesirable increases in acquisition times due to the matrix extensions 
required in standard phase encoding. This MRSI approach will facilitate more 
routine acquisition of metabolic information of the prostate for clinical 
purposes.  
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Abstract   
Objectives: Inclusion of 3-dimensional 1H MR spectroscopic imaging (3D-1H-
MRSI) in routine multiparametric MRI of the prostate requires good quality 
spectra and easy interpretable metabolite maps of the whole organ obtained 
without endorectal coil (ERC) in clinically feasible acquisition times. We 
evaluated if a semi-LASER pulse sequence with gradient offset independent 
adiabaticity refocusing pulses (GOIA-sLASER) for volume selection can meet 
these requirements.  
Methods: Thirteen patients with suspicion of prostate cancer and one patient 
known to have prostate cancer were examined at 3T with a multi-channel 
body-receive coil, by 3D-1H-MRSI with GOIA-sLASER volume selection (echo 
time 88ms). Repetition times from 630 to 1000 ms and effective voxel sizes of 
about 0.9 and 0.6 cc were tested. Spectral components were quantified by 
LCModel software for quality assessment and to construct choline and citrate 
maps. 
Results: 3D MRSI of the prostate was successfully performed in all patients in 
measurement times of 5-10 minutes. In 90-100% of 1404 evaluated voxels 
acquired from 13 patients, the citrate resonance could be fitted with a high 
reliability (Cramér-Rao lower bound <30%).The homogeneous B1- field over the 
prostate of the receive coil enabled the generation of whole organ metabolite 
maps, revealing choline and citrate variations between areas with normal 
prostate tissue, seminal vesicles, proliferative BPH and tumor. 
Conclusions: The good SNR and low chemical shift artefacts of GOIA-sLASER 
at an echo time of 88 ms enables acquisition of high quality 3D-1H-MRSI of the 
prostate without ERC in less than 10 minutes. This facilitates reconstruction of 
easy interpretable, quantitative metabolite maps for routine clinical 
applications of prostate MRSI. 
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Introduction  
Multiparametric MRI (mpMRI) is an important clinical tool in prostate cancer 
management, used for disease detection, local staging, risk stratification, 
guidance of biopsies or local therapies, and therapy evaluation [1-3]. 
Recommended mpMRI protocols consist of high-resolution T2-weighted 
imaging in combination with diffusion-weighted imaging (DWI), and in addition 
dynamic contrast enhanced (DCE) MRI and/or proton magnetic resonance 
spectroscopic imaging (1H MRSI) may be included [4-7]. 1H MRSI provides 
spatially resolved signals representing tissue levels of several of the more 
abundant metabolites within the prostate including choline compounds (Cho), 
polyamines (predominantly spermine (Spm)), creatine (Cr) and citrate (Cit) [8, 9]. 
In prostate cancer (PCa), tissues show increased levels of Cho and decreased 
levels of Cit, and ratios including these metabolites are frequently used to 
identify and characterize PCa [8-13].  
Prostate 1H MRSI is commonly performed using a point-resolved spectroscopy 
sequence (PRESS) with Shinnar-Le Roux refocusing pulses [14] for volume 
selection [15-17]. The limited bandwidth of these pulses can lead to chemical 
shift displacements that corrupt the spectral region of interest with large 
signals arising from lipid tissues surrounding the prostate. This can be 
circumvented by a semi localization by adiabatic selective refocusing (sLASER) 
sequence with gradient offset independent adiabaticity (GOIA) refocusing 
pulses [18]. The high bandwidth and sharp slice profile of these pulses strongly 
reduce lipid signal contamination, while their low RF power requirements 
enable short acquisition times within specific absorption rate (SAR) limits. In 
addition, the optimal sequence timing at an echo time (TE) of 80-90 ms results 
in a higher signal to noise ratio (SNR) than the commonly applied PRESS with 
TE of about 140 ms [18]. 
The potential of GOIA-sLASER has thus far been shown with an endorectal 
receive coil (ERC). Such coils have the advantage of providing a very high local 
SNR, which can be exploited to reduce the acquisition time, e.g. by spiral 
readout [19]. Nevertheless, ERCs have several drawbacks: they cause patient 
discomfort, and increase the patient preparation time and examination costs. 
In addition, using an ERC reduces the SAR limit set by the MR system, leading 
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to longer acquisition times. Finally, the assessment of the spatial distribution of 
individual metabolite tissue levels is hampered by the sensitivity profile of the 
ERC. A comparison of prostate diagnosis by MRI at 1.5T with ERC and 3T 
without ERC indicated similar performance in PCa detection [20] and an 
evaluation of MRI determination of extracapsular cancer extension indicated 
that application of an ERC has no clinical benefit at 3T [21] . For these reasons 
clinical prostate MRI at 3T is currently more often performed with body receive 
coils only [4], and hence it becomes relevant to demonstrate the feasibility of 
clinical 3D-MRSI examinations of the prostate without ERC at this field 
strength.   
Therefore, the purpose of this study was to investigate the quality of 1H 3D-
MRSI performed with the GOIA-sLASER sequence at 3T without an ERC in scan 
times below 10 minutes. 
 
 
Materials and Methods 
Subjects and setup  
Thirteen patients with a suspicion of PCa and one patient known to have 
prostate cancer participated in this study (mean age: 59 years; range, 47-74 
years; mean weight: 82 kg; range 70-100 kg; and median prostate specific 
antigen (PSA) level 11 ng/mL; range 4.1-28 ng/mL.  The institutional ethics 
review board waived the need for informed consent for this study.   
All patients underwent 3D-1H-MRSI as an addition to a clinical mpMRI exam, 
consisting of high resolution T2-weighted imaging (T2W) in three orthogonal 
directions, diffusion weighted imaging (DWI) and dynamic contrast enhanced 
imaging (DCE). MRSI measurements were performed prior to contrast agent 
administration. All exams were performed on 3T MR systems (Magnetom Skyra, 
Siemens Healthcare, Erlangen, Germany) using an 18-channel body phased 
array coil and a 32-channel spine phased array coil for signal reception, and no 
ERC. Peristaltic motion was reduced by intramuscular injections of 20 mg 
butylscopalmine bromide (Buscopan, Boehringer Ingelheim, Ingelheim, 
Germany) and 1 mg glucagon (GlucaGen, Novo Nordisk, Gentofte, Denmark) 
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prior to the exam. One of the patients did not receive glucagon because of 
allergy.  
 
 1H 3D-MR spectroscopic imaging  
For MR spectroscopy measurements a non-product 3D-MRSI sequence with 
sLASER volume selection using GOIA-Wurst(16,4) refocusing pulses and a TE 
of 88 ms was used [18]. To suppress peri-prostatic lipid signals, 5 outer volume 
saturation (OVS) bands were placed over the corners of the selection box. All 
measurements were performed with weighted elliptical k-space sampling with 
3 averages and a 100% Hamming filter. A pre-scan normalize filter was used to 
optimize the combination of signals from the individual coil elements. 
Measurements were performed at various TRs (from 630 to 1000 ms) and at 
two spatial resolutions to verify the effects of these parameters on the spectral 
quality and the percentage of reliably fitted metabolite signals (see table 1). 
Measurements at a nominal spatial resolution of 7×7×7 mm3 (n=11) were 
performed using a field of view (FOV) of 84×70×70 mm3 and a matrix of 
12×10×10. The effective spherical voxel volume at 64% of the point spread 
function maximum with a 100% Hanning k-space filter is about 0.9 cc [19, 22].  
Measurements at a nominal spatial resolution of 6×6×6 mm3 (n=3) were 
performed using an FOV of 84×60×72 mm3 and a matrix of 14×10×12, 
resulting in an effective spherical voxel volume of about 0.6 cc.  
No pre-processing of the spectral data was applied and after interpolation to a 
matrix size of 16x16x16 and fourier transform all spectra were fitted employing 
LCModel [23]  using a sequence-specific basis set containing model signals of 
Cit, Cr, Spm and Cho, simulated with NMR Sim (Bruker Corporation, Billerica, 
MA, USA). In each voxel, the relative tissue concentration of each metabolite 
was estimated, as well as the Cramér Rao Lower Bound (CRLB) on these 
estimates.  
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Subject 
 
 
FOV 
(mm3) 
 
Matrix Size 
 
 
Nominal 
voxel size 
(mm3)  
TR  
(ms) 
 
TA 
(min:sec) 
 
Group 1 1,2 84×70×70 12×10×10 7×7×7 630 4:50 
 
3,4,5 84×70×70 12×10×10 7×7×7 800 6:09 
 
6 84×70×70 12×10×10 7×7×7 820 6:45 
 
7,8 84×70×70 12×10×10 7×7×7 900 6:55 
  9,10 84×70×70 12×10×10 7×7×7 1000 7:43 
Group 2 11 84×60×72 14×10×12 6×6×6 740 8:11 
  12,13 84×60×72 14×10×12 6×6×6 900 9:57 	
Table 1    3D 1H MRSI measurement parameters for 13 subjects with suspected prostate cancer. 
All measurements were performed with TE = 88 ms and 3 averages. Variable TRs and voxel sizes 
resulted in different acquisition times TA.  
 
 
Spectral quality assessment  
To assess spectral quality, the central 6×6 voxels in 3 adjacent transversal slices  
(i.e. 108 voxels) at the level of the prostate mid-gland were selected in each 
patient. The percentage of selected voxels in which the metabolite was fitted 
with a CRLB <30% was recorded for each patient and each metabolite. To 
facilitate a comparison we followed the  voxel selection and quality assessment 
of a previous study, in which an ERC was used [18]. 
 
Metabolite maps 
The MR images, spectra and LCModel quantification outputs were transferred 
to a workstation with home-built processing and display software implemented 
in MeVisLab (Version 2.5a, MeVis Medical Solutions AG, Bremen, Germany). 
Metabolite maps of Cho and Cit were generated using the tissue levels 
estimated in each interpolated voxel by LCModel. 
 
Statistical analysis 
Statistical analyses were performed in Graphpad Prism version 5.03 for 
Windows (GraphPad Software, San Diego, CA, USA). In each patient and for 
each metabolite, the percentage of selected voxels in which the metabolite 
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was fitted with a CRLB <30% was recorded. The average and standard 
deviation (SD) of these percentages were calculated separately for each 
nominal voxel size.  
 
 
Results 
The patients suspected to have PCa received PIRADS scores of 2 (n=8), 3 (n=4) 
and 4 (n=1), based on their mpMRI examination. Only the patient scored as 
PIRADS 4 underwent an MR-guided biopsy, in which no malignant tissue was 
detected by standard histopathology. All 3D-1H-MRSI measurements were 
completed in less than 10 minutes. The acquisition times (TA), ranging from 
4:50 min to 9:57 min, were not SAR limited in any of the patients. The 
performance of the GOIA-sLASER MRSI without an ERC is demonstrated by 
typical MR spectra, spectral maps and Cit metabolite maps of two patients with 
suspected PCa in Fig. 1. These two patients were measured with different TRs, 
but equal matrix size, FOV and number of averages. Good quality spectra with 
reliably fitted citrate peaks (CLRB <15%) were achieved in the peripheral zone 
(PZ) and transition zone (TZ), at a TR of 1000 ms with a TA of 7:43 min (Fig. 1 a-
d) and at a TR of 630 ms with a TA of 4:50 min (Fig. 1 e-h). Except for some 
signal intensity at about 2.4 ppm, obvious lipid signal contamination in the 
spectral region of interest (2.4 - 3.4ppm) was not observed (Fig. 1b, c, f, g). In 
accordance with the clinical assessment of these patients, including mpMRI, 
which revealed no malignancies, the MRSI data did not show clearly increased 
Cho and decreased Cit signals, as biomarkers for the presence of cancer foci. 
As the Cho signal, of which an increase is a hallmark for tumor presence, 
becomes saturated by 40 to 60% at the TRs employed in the current study, it 
may not always be clearly visible (SNR ˃2) in apparently normal prostate tissue 
(see Fig. 1g). Therefore, it is relevant to demonstrate that an increased Cho in 
PCa tissue can be detected without use of an ERC. This is demonstrated for a 
patient with biopsy proven PCa (Fig. 2). Cit was not detected in any of the 3D 
MRSI voxels, which may be due to the hormone therapy this patient was 
receiving, or to the presence of tumor, or both. However, a clear signal 
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assigned to Cho is detected in voxels throughout the prostate (Fig. 2c), in 
particular in areas with low ADC values (see Fig. 2b and d).  
 
Spectral quality 
For a quantitative evaluation of the performance of GOIA-sLASER 3D MRSI 
exams without ERC we assessed the CRLB of the main prostate metabolite 
resonances in spectra of 13 patients that were suspected to have PCa, but with 
negative biopsies (Fig. 3). The Cit signal was reliably detected in almost all 
spectra, with CRLBs<30% in 100% of 7×7×7 mm3 voxels and 96 ±  7% in 
6×6×6 mm3 voxels. In spite of its relative low concentration in this patient 
population, Cho was detected with a CRLB<30% in 76 ± 23 % and 46 ± 38% in 
voxels with nominal resolutions of 7×7×7mm3 and 6×6×6mm3, respectively. Cr 
and Spm also showed a higher fitting reliability at the larger voxel size (Fig. 3). 
 
	
Figure 1   Representative 3D 1H MRSI spectra acquired with the GOIA-sLASER sequence without 
an ERC in two patients with suspicion of prostate cancer. (a) Transversal T2-weighted image of 
patient 6 (PSA=28 ng/ml) at mid-gland level overlaid with the MRSI spectra (TR=1000 ms, TA = 
7:43 min). (b ,c) Measured spectra (black) and their LCModel fits (red) corresponding to the 
highlighted voxels (yellow and red boxes). The spectra are scaled equally. (d) Cit metabolite map 
derived from the LCModel fits in each voxel overlaid on the T2 weighted MR image. (e) Transversal 
T2-weighted image of patient 1 (PSA = 6 ng/ml) near the apex overlaid with the MRSI spectra 
(TR=630 ms, TA = 4:50 min). (f, g) Measured spectra (black) and their LCModel fits (red) 
corresponding to the highlighted voxels in  (yellow and red boxes). The spectra are scaled equally. 
(h) Cit metabolite map overlaid on T2 weighted MR image. 
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Figure 2    mpMRI of a patient with prostate cancer undergoing androgen therapy. (a)Transverse 
T2 weighted image with MRSI voxel grid. Androgen therapy resulted in low signal intensity on T2 
weighted imaging. (b) ADC map showing a hypointense region indicative of active tumor tissue. (c) 
Choline signal intensity map. (d) MR spectrum of selected voxel from MRSI acquisition with TR=700 
ms and TA=6:07 min, corresponding to an area of low ADC. 
 
	
Figure 3    The average percentages of voxels in which the LCModel fit of the metabolites Cit, 
Cho, Cr and Spm had a Cramér-Rao Lower Bound (CRLB) below 30%, divided in two groups with 
different voxel sizes. On the right the average values of 3 patients measured with a voxel size of 
6x6x6 mm3 and on the left the average values of 10 patients measured at a spatial resolution with 
voxels of 7x7x7 mm3. For these calculations the central three MRSI slices of the patients’ prostates 
were used. Error bars denote the standard deviations. 
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The dependence of the fitting reliability on TR was analyzed for a voxel size of 
7×7×7 mm3. No dependence of the reliability of Cit detection on TR was 
detected, as reliability was 100% at all TRs. In contrast, the reliability of Cho fits 
increased from approximately 50% at TR=630 ms (TA 4:50) to approximately 
90% at TR=1000 ms (TA 9:57, Fig. 4). The best overall results in a single patient 
were obtained at a TR of 1000 ms, reaching detection rates of 96% for Cho 
and 100% for Cit. However, already at a TR of 800 ms both Cit and Cho are 
detected with high accuracy (Fig. 4).  
 
 
Figure 4    Fraction of reliably fitted Cit and Cho signals (CRLB < 30%) as a function of TR. These 
values were calculated from the central 108 voxels of 9 patients measured with a nominal voxel size 
of 7x7x7 mm3 and with a magnitude shim < 28 Hz. 
 
Metabolite maps 
The high quality of the spectra as well as the homogenous receive sensitivity 
profile over the prostate provided by the external phased array coils offers the 
unique option to create maps of the signal intensity of individual metabolites 
over the prostate, rather than metabolite signal ratios. In figure 5 examples are 
presented of Cit and Cho maps throughout the prostate, illustrating that 
different parts of the prostate contain different tissue concentrations of 
metabolites. For instance the Cit maps show a hot spot in the right transition 
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zone (Fig. 5a-e, k, l), which coincides with an area of proliferative benign 
prostatic hyperplasia (BPH) as assigned in the radiological report based on the 
mpMR images of this patient. Furthermore, increased signal intensity can be 
observed in the Cho maps in the area overlapping with seminal vesicles (Fig. 
5f-g, red arrows), where phosphorylcholine containing secrete is produced and 
therefore elevated Cho signals are expected. 
 
Figure 5    T2 weighted MR images, Cho maps and Cit maps in multiple transversal and sagittal planes through 
the prostate of patient 6, (age=56 year old, PSA=13 ng/mL) with suspicion of prostate cancer measured without 
an ERC. The metabolite maps were produced using data interpolated to a 16x16x16 grid with a nominal voxel 
size of 7x7x7 mm3 and acquired at a TR of 820  ms (total acquisition time 6:45). The red arrows indicate the area 
of the seminal vesicles, which show increased choline signals. 
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Discussion 
In this work we demonstrate the feasibility of 3D-1H-MRSI of the human 
prostate without an ERC using a GOIA-sLASER sequence at 3T [18]. High 
quality spectra were measured in clinically acceptable acquisition times of less 
than 10 minutes, achieving resolutions close to the minimum tumor size 
considered clinically relevant [21, 24, 25].  
Providing information on the organ’s metabolism, 1H MRSI may be of particular 
interest in the non-invasive assessment of PCa aggressiveness, for instance in 
transition zone (TZ) tumors, where correlations between PCa Gleason score and 
parameters derived from DWI and DCE are weak [26-28]. Furthermore, MRSI 
represents a truly non-invasive alternative for DCE-MRI in an mpMRI prostate 
exam, in particular considering the potential risks of multiple administration of 
gadolinium based contrast agents [29, 30].  Studies have shown the potential 
of prostate MRSI in combination with DWI to localize aggressive prostate 
cancers, suggesting a role for MRSI in the selection of patients for active 
surveillance and in the subsequent monitoring of these patients [31, 32].  
MRSI of the prostate is usually acquired with an ERC, which provides a high 
SNR due to its position adjacent to the prostate. However, ERCs have several 
disadvantages as well, such as patient discomfort, costs associated with 
materials and increased patient preparation time, and a strong non-uniform 
coil sensitivity profile. In addition, recent studies have shown that the image 
quality attainable at 3T without ERC is comparable to that at 1.5T with ERC, 
and that using an ERC only marginally improves diagnostic accuracy [6, 20]. For 
this reason, clinical mpMRI is moving away from using ERCs. A robust 
acquisition method for MRSI without ERC is therefore essential for it to be used 
as part of mpMRI exams of the prostate. Previously, we demonstrated the 
feasibility of performing 3D-1H-MRSI of the prostate without ERC [33]. 
However, the PRESS localization sequence used in that study is inferior to the 
GOIA-sLASER sequence [17], which is reflected in the high number of voxels 
that had to be discarded because of low quality (more than 25% of the 
selected voxels in tumor and apparently normal prostate regions). 
The GOIA-sLASER sequence investigated in the current work has several 
advantages. First, its high bandwidth adiabatic GOIA-Wurst(16,4) refocusing 
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pulses provided a small chemical shift displacement error (CSDE), ensuring 
accurate localization and reduced lipid contamination [18]. Second, the 
sequence timing was optimized for application to the human prostate by 
maximizing the amplitude of the inner doublet of Cit and minimizing its side 
lobes. This increased the SNR of the citrate signal by a factor of about 2.5 
compared to long echo time PRESS and minimized the overlap of its side lobes 
with neighboring resonances.  
This higher SNR can be exploited for higher resolutions or shorter acquisition 
times. In measurements with a nominal voxel size of 7×7×7 mm3 detection 
levels for Cit, Cho, Cr and Spm signals were high, but, as expected were lower 
for a nominal voxel size of 6×6×6 mm3, due to a substantially lower effective 
voxel volume. The performance of GOIA-sLASER volume selection in 3D-1H-
MRSI of the prostate without ERC established at a nominal voxel resolution of 
7x7x7 mm3 is very comparable to the performance for 3D-1H-MRSI with ERC at 
a nominal resolution of 6x6x6 mm3 [18].    
By using external array coils for signal reception instead of an ERC, SAR is not a 
limiting factor and the TR can be reduced down to 630 ms, resulting in 
acquisition times below 5 min. In this work, the Cit signal could be fitted 
reliably for all TRs, while spectra obtained with a TR of 630 ms showed a 
decreased fitting reliability for Cho. This is attributed to the different T1 
relaxation times of the corresponding proton spins, which are approximately 
1100 ms for Cho and 470 ms for Cit protons [17]. This leads to a stronger 
saturation of the Cho signal compared to that of Cit at shorter TRs; for 
example, reducing TR from 1000 ms to 630 ms reduces Cit signals by only 
17%, while Cho signals are reduced by about 28%. However, in regions with an 
increased concentration of Cho, such as those containing tumor, Cho levels are 
expected to be high enough to be quantified even at a short TRs, as 
demonstrated in this study for a patient with a biopsy proven tumor. Increased 
Cho levels could also be detected reliably in the seminal vesicles. Therefore 
the choice of voxel size and TR depends on the desired application of 1H MRSI, 
whether detecting the Cit signal in healthy tissue is sufficient or that other 
metabolites like Cho, Cr, Spm or even Taurine (Tau) and myo-Inositol (mI) are 
also of interest.  
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Although the implementation of the GOIA-sLASER for volume selection is a 
major step forward for 3D-1H MRSI of the prostate without ERC, some spectra 
still may be disturbed by susceptibility effects and motion, which also affects 
other mpMRI methods such as DWI, in particular at the borders of the prostate. 
For the current results we have not used any pre-processing methods, apart 
from the standard steps in the LCModel fitting software, to improve spectral 
quality. Pre-processing dedicated to prostate MR spectra such as automatic 
alignment of frequency and phase and residual lipid signal removal have been 
demonstrated to improve spectral shapes, e.g. for better peak fitting to 
quantify metabolites or to construct metabolite maps, or for pattern 
recognition purposes [34, 35]. Corrections for partial volume of voxels 
overlapping at the borders of the prostate would also improve metabolite 
maps.   
So far 3D-1H-MRSI of the prostate is mainly used as a research tool or in clinical 
studies, but rarely as a standard acquisition method in clinical practice. MR 
acquisition with automation for prostate tissue segmentation and OVS slab 
positioning are new developments being implemented on current MR systems 
[7]. Whereas shimming and MRSI acquisition are becoming easier with modern 
MR systems, reading and interpreting MR spectra can still be cumbersome and 
time consuming. Fully automated post processing and visualization of 
metabolite concentrations is necessary to integrate MRSI in the clinical 
workflow. Spectra with little lipid contamination and with a flat baseline are a 
requirement for reliable automated fitting, which is facilitated by the good 
spectral quality produced by the GOIA-sLASER sequence. The use of external 
array coils for signal reception instead of an ERC provides the possibility to 
create metabolite maps that are not affected by the signal reception profile of 
the ERC. Therefore distributions of single metabolites can be analyzed without 
the need of calculating ratios to correct for this coil profile. In most prostate 1H 
MRS studies the ratio of Cho plus Cr over Cit (CC/C) is investigated to 
distinguish non-malignant from malignant tissue [36]. However, an increased 
CC/C ratio can be caused both by a higher Cho + Cr level, a lower Cit level, or 
both. By performing 1H MRSI with external array coils, spatial fluctuations of 
individual metabolite levels can be investigated separately and might provide 
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additional characteristics of cancer or BPH. Several studies have shown the 
utility of Cit as an in vivo marker to discriminate PCa from epithelial BPH and 
normal prostate peripheral zone [37-41], and reconstructed Cit maps can be 
used for this purpose. 
 
Conclusion 
In this study we successfully performed 3D-1H-MRSI of the prostate without an 
ERC in clinically acceptable measurement times. GOIA-sLASER volume 
selection provides high quality spectra with low lipid contamination and better 
SNR than obtained by a common procedure using PRESS, which compensates 
for the lower SNR delivered by the external array coils. The homogeneous 
receive profile of these coils over the prostate allows creating metabolite maps 
that are not affected by the signal reception profile of ERCs, by which the 
distribution of metabolite levels can be visualized easily. This 3D-1H-MRSI 
method is expected to facilitate a more routine clinical application of the in 
vivo assessment of prostate metabolites.  
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Summary 
MRS and MRSI are essential tools to assess metabolic processes in-vivo. They 
are widely used especially in preclinical and clinical research to investigate 
metabolism in general, but also disorders, like Alzheimer’s disease, diabetes, 
muscle diseases, cancer and inherited metabolic diseases. Not only the 
diseases themselves, but also their response to treatment can be evaluated by 
MRS(I) methods. However, MRSI is not well established in routine clinical 
practice. This is due to several challenges that the application of MRSI is facing. 
In comparison to the water signal in 1H MRI, metabolite levels investigated with 
MRSI are much lower. Furthermore MRSI has long acquisition times, 
aggravated by the need to sample both spatial and spectral information. This is 
time consuming and therefore expensive in clinical practice.  
MRS can profit from high magnetic fields (3T, 7T and higher), because these 
provide a higher intrinsic signal to noise ratio (SNR). Furthermore, the chemical 
shift dispersion between signal peaks is increased at higher fields, facilitating 
the separation of resonances that overlap at lower magnetic fields (1.5T). But 
MRS at high fields is also more challenging. Inhomogeneities of the B0 and RF 
fields are increased, broader RF pulse bandwidths are necessary to excite the 
metabolites of interest and the RF power absorption in tissue is increased, 
leading to increased tissue heating.  
This thesis describes several novel MR methods to assess in-vivo metabolic 
information. The main ambition is to overcome some of the challenges named 
above, such as sensitivity to B0 and RF field inhomogeneities, chemical shift 
artifacts, SAR limits and measurement time. 
Chapters 3 and 4 focus on methods to investigate energy metabolism in 
muscle tissue. To follow changes in energy metabolism, high temporal 
resolutions are necessary. Since standard MRSI at 7T is very time consuming, 
we developed a technique for fast imaging of x-nuclei of metabolites, which is 
described in chapter 3. The increased sensitivity and larger chemical shift 
dispersion between metabolite spins at high magnetic fields was exploited to 
obtain images of multiple metabolites simultaneously. This was done by 
selective excitation of the metabolite resonances of interest by a 
multifrequency selective radiofrequency pulse. To this end, a Shinnar-LeRoux 
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optimized excitation pulse was implemented in a 3D gradient echo (GRE) 
sequence. A suitable choice of bandwidth, imaging matrix size, and field of 
view allowed using the chemical shift dispersion of the different resonances to 
completely separate their images within one large field of view. The method 
was further optimized for maximum SNR by adjusting the excitation angles for 
each frequency band to the T1 relaxation times of the corresponding 
resonances and the repetition time used.  
After validating the method with fast metabolic 13C imaging of a phantom 
containing a solution of 13C labeled glucose, lactate, and sodium octanoate, 
dynamic measurements of the 31P metabolites phosphocreatine (PCr) and β-
adenosine triphosphate (β-ATP) were performed in vivo in human femoral 
muscle, both at 7T. The metabolite distribution and concentration of PCr and 
β-ATP were displayed next to each other within one image in an acquisition 
time of 2 min. Both metabolite distributions can be individually matched with 
an anatomical image. Because the concentration of β-ATP in muscle is lower 
than of PCr, β-ATP cannot be investigated with the same high temporal 
resolution as PCr.  
The signal intensity was the limiting factor for the temporal resolution that 
could be achieved for β-ATP, but PCr could be imaged with a temporal 
resolution of 20s. The PCr signal intensity changes over time could be studied 
simultaneously in various muscles by analyzing the sum of PCr signals within 
regions of interest following the muscles’ contours. Metabolic imaging is 
interesting for dynamic studies because of its speed, at the expense of 
providing only a subset of metabolite resonances rather than the whole 
spectrum. Besides the examination of muscles, this concept can readily be 
applied to other tissues and further expanded to other MR-detectable nuclei, 
as long as signal intensity is sufficient. 
The new x-nuclei imaging method is not suitable for dynamic studies of full 31P 
MR spectra of muscle tissue: MRS or MRSI have to be performed for this 
application. The most common method of measuring 31P MR spectra of skeletal 
muscles consists of performing pulse-acquire acquisitions with a surface or 
volume coil around the leg with the only localization provided by the coil 
profile. However, exciting the whole FOV of the coil results in spectral 
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disturbances caused by broad 31P resonances from bone. Such disturbances 
can be avoided by localizing a volume of interest in muscle only, as done with 
a SPECIAL sequence for localized 31P MRS, presented in chapter 4.  
The SPECIAL sequence was equipped with GOIA-WURST(16,4) refocusing 
pulses to overcome B1 inhomogeneities and increased chemical shift artifacts in 
slice selective localization caused by the high magnetic field strength used (7T). 
The echo time of 11.4 ms was long enough to allow broad spectral 
components to decay, but short enough to provide observable signals from 
ATP resonances, which dephase due to J-modulation during the echo time. As 
a result, the spectra provided by the SPECIAL sequence showed a flat baseline 
without contaminating signals originating from bone, and well-resolved 
resonances of Pi, PCr, γ-ATP and α-ATP.  
The SNR obtained in a 12.5ml voxel within a mouse skeletal muscle was similar 
to the SNR in an FID measurement of the whole mouse leg, with a comparable 
time resolution. The temporal resolution of TA = 4:48min was good enough to 
follow ischemia in a selected muscle. 
A potential limitation of the single voxel SPECIAL sequence is that it is based 
on a subtraction scheme. This makes it sensitive to motion, which may be 
problematic in muscle contraction studies. Unlike the more common ISIS 
acquisition scheme however, subtraction is required in only one direction. The 
direction of subtraction can be chosen in such a way that it minimizes this 
effect.  
Besides 31P measurements of energy metabolism in muscle tissue, this thesis 
mainly focuses on 1H MRSI of human prostates. In the context of prostate 
cancer, MRSI may be especially valuable in assessing cancer aggressiveness, 
currently one of the most important challenges in prostate cancer 
management. In prostate MRSI the proton signals of citrate (Cit), choline (Cho), 
creatine (Cr) and polyamines are observed. In tumor tissue the levels of citrate 
are lower than in healthy tissue, whereas choline levels are usually increased. 
Therefore the ratio of choline over citrate is an attractive biomarker to 
characterize prostate cancer. 
However, prostate spectra often suffer from contamination originating from 
lipids surrounding the organ. These lipid signals can overlap with those of 
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citrate and cause uncontrollable phase effects or biased citrate signal integrals. 
This overlap complicates spectral quantification and tumor detection, 
particularly at the margins of the prostate. In addition to outer volume 
suppression (OVS) and lipid suppression pulses, accurate localization of the 
volume of interest (VOI) is essential to reduce lipid contamination. Accurate 
localization can be achieved by high-bandwidth adiabatic RF pulses, which 
minimize chemical shift displacement errors.  
However, the application of these adiabatic pulses causes high RF power 
deposition, resulting in long acquisition times to remain within safety limits. 
Acquisition times can become even longer when an endorectal receive coil 
(ERC) is used, because the maximum allowed RF power deposition compared 
with an external array coil setup is reduced, to account for potential residual 
coupling between the body transmit coil and the ERC. Such coils are 
commonly used to boost the SNR of prostate MRSI, as they have a high 
sensitivity because of their close proximity to the prostate. To avoid long 
acquisition times due to this additional RF power limitation, the use of low 
power demanding RF pulses is desirable. 
In chapter 5 a semi-LASER sequence is equipped with low power GOIA-
WURST(16,4) refocusing pulses. Measurements were performed at 3T with an 
endorectal receive coil. 
The  GOIA-WURST(16,4) pulses provided a flat and sharp slice profile and a 
high bandwidth of 10 kHz to reduce the chemical shift displacement error  
(CSDE). Due to the modulated gradient shape in addition to the frequency and 
amplitude modulation used in most adiabatic pulses, GOIA-W(16,4) pulses 
needed less RF power to fulfill the adiabatic condition. The low demand of RF 
power allowed the use of an ERC for MRSI within measurement times that are 
acceptable for clinical examinations. 
The sLASER sequence timing was optimized for application to the human 
prostate, to maximize the amplitude of the inner doublet of Cit and to 
minimize its side lobes. This increased the SNR of citrate and minimized the 
overlap of the outer resonances with neighboring resonances. MEGA pulses 
were used for water and lipid signal suppression. 
With this 3D 1H MRSI sequence, artifact free spectra with well-resolved 
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metabolite signals were obtained from the whole prostate, with SNRs of citrate 
and choline increased by factors up to 2.6 and 1.3, respectively, compared with 
PRESS acquisition. Furthermore, the shorter TE, better SNR and the high 
quality of the spectra achieved with the GOIA-sLASER enabled the detection 
of signals of myo-Inositol (mI) and taurine (Tau).  
This provides the possibility to investigate whether correlations between these 
metabolites and tumor tissue can be found, and whether they may serve as 
tumor markers. 
The higher SNR of prostate spectra achieved with the GOIA-sLASER can be 
exploited for a more accurate determination of the relative metabolite levels, 
to reduce the voxel size, or to acquire a 3D MRSI in a shorter time. However, 
this does require a more flexible k-space acquisition scheme than currently 
used. In chapter 6 the GOIA-sLASER sequence is combined with a spiral k-
space acquisition scheme to overcome the inflexibility of conventional 
Cartesian phase encoding. 3D MRSI of the whole prostate was achieved within 
5 min.  
Shorter acquisition times are clinically more attractive and are also less likely to 
be affected by (e.g. peristaltic) motion, which negatively affects spectral 
quality. In addition, the flexibility of spiral k-space sampling allowed the FOV 
and matrix dimensions to be adjusted to fit any prostate without penalties in 
spatial resolution or acquisition time. The more advantageous k-space 
sampling of the spiral acquisition resulted in smaller real voxel sizes than for 
elliptical PE, which reduced partial volume effects and therefore allowed a 
more precise metabolite localization. 
Another possibility to utilize the improved SNR provided by the GOIA-sLASER 
sequence is to perform 3D prostate MRSI without an ERC, which is presented 
in chapter 7. Even though ERCs provide a signal increase in comparison with 
external array coils, the use of ERCs in clinical practice is time consuming and 
unpleasant for the patients. Moreover, RF power deposition limits are higher in 
measurements without an ERC, allowing a reduction of the repetition time (TR 
= 630 ms). This way, acquisition times of 5 min were realized. In a small cohort 
of patients Cit was accurately quantified in all voxels, whereas the Cho signal 
was harder to detect due to its signal saturation at shorter TRs (<1s) as well as 
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its low concentration in this population of subjects. For a more reliable 
detection of Cho a TR ~ 1s can be considered, which would lead to 
measurement times in the order of 8 min.  
The use of an external array coil for signal reception instead of an ERC is 
advantageous to detect metabolite distributions that are not influenced by a 
coil profile. Therefore it was not necessary to evaluate the MR spectra with 
signal ratios, but metabolite levels could be displayed in metabolite maps 
without correcting for the spatial variation coil profile.  
Both, with the GOIA-sLASER-Spiral acquisition and the GOIA-sLASER 
acquisition without ERC, Cit levels were measured reliably throughout the 
whole prostate, but Cho and Cr signals were harder to detect due to their 
lower concentrations. However, this does not have to be a drawback in the 
characterization of prostate cancer as the Cho signal is increased in this 
disease. As long as the increased Cho signal in cancerous tissue is detected 
reliably, the SNR provided by these methods will be sufficient. However, this 
has to be investigated in larger clinical studies with a solid pathological 
reference standard for prostate cancer. 
Overall, the GOIA-sLASER sequence provided good quality spectra without 
lipid signal contamination in a practicable measuring time. Prostate MRSI with 
the GOIA-sLASER sequence is much more robust than the common acquisition 
with a PRESS sequence and is therefore expected to have a major impact on 
the clinical implementation of 1H MRSI of the prostate. 
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Samenvatting 
MRS en MRSI zijn essentiële methoden om stofwisselingsprocessen in-vivo 
zichtbaar te maken. Vooral in preklinisch en klinisch onderzoek worden zij vaak 
gebruikt om stofwisseling in het algemeen, of in aandoeningen zoals de ziekte 
van Alzheimer, diabetes, spierziektes, kanker of stofwisselingsziektes te meten. 
Niet allen de ziektes zelf, maar ook de respons op hun behandeling kunnen 
met MRS(I) methoden worden onderzocht. 
MRSI wordt echter niet vaak gebruikt in de klinische praktijk, als gevolg van 
verscheidene uitdagingen die dit gebruik met zich meebrengt. Vergeleken met 
het watersignaal in 1H MRI zijn de signalen van metabolieten die met MRSI 
worden gemeten beduidend lager. Verder moeten zowel ruimtelijke als 
spectrale informatie worden opgenomen, wat leidt tot langere acquisitietijden. 
Daardoor is MRSI een dure methode voor de klinische praktijk.  
Hogere magneetveldsterkten (3T, 7T en hoger) zijn voordelig voor MRSI, 
omdat zij een hogere intrinsieke signaal-ruisverhouding (SNR) leveren.  
Bovendien is de chemical shift-dispersie tussen signaalpieken groter bij hogere 
velden waardoor pieken die bij lage velden (1,5T) overlappen, beter kunnen 
worden gescheiden. Maar MRSI bij hoge veldsterkte is ook uitdagender. B0- en 
RF-veldinhomogeniteiten zijn groter, hogere RF pulsbandbreedten zijn nodig 
om metabolieten van interesse te exciteren en de RF-absorptie is hoger bij 
hogere frequenties, wat leidt tot meer weefselopwarming. 
Dit proefschrift beschrijft verscheidene vernieuwende MR methoden om in-vivo 
informatie over stofwisseling te verkrijgen. Het doel is om sommige van de 
uitdagingen zoals gevoeligheid voor B0- en RF-veldinhomogeniteiten, chemical 
shift artefacten, SAR limieten en acquisitietijd te overwinnen. 
In hoofdstukken 3 en 4 worden methodes besproken waarmee de 
energiestofwisseling in spierweefsels kan worden onderzocht. Om 
veranderingen in de energiestofwisseling te kunnen volgen, is een hoge 
tijdsresolutie nodig. Omdat standaard MRSI bij 7T veel tijd kost, hebben wij 
een methode voor snelle beeldvorming van x-kernen in metabolieten 
ontwikkeld, die is beschreven in hoofdstuk 3. Deze methode gebruikt de 
verhoogde gevoeligheid en grotere chemical shift dispersie tussen de spins 
van metabolieten bij hoge magnetische veldsterkten om afbeeldingen van 
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meerdere metabolieten gelijktijdig op te nemen. Hierbij worden door middel 
van  frequentie-selectieve RF-pulsen alleen de gewenste metabolieten 
geëxciteerd. Om dit te bereiken is een Shinnar-Le Roux geoptimaliseerde 
excitatiepuls in een 3D gradiënt echo (GRE) sequentie geïmplementeerd. Een 
geschikte keuze van bandbreedte, afbeeldingsmatrix en field of view maakte 
het mogelijk om de chemical shift-dispersie van de te onderzoeken resonanties 
zo te gebruiken dat hun afbeeldingen volledig van elkaar gescheiden waren 
binnen één groot field of view. Bovendien zijn de excitatie-hoeken voor beide 
frequentiebanden apart geoptimaliseerd aan de hand van de T1 relaxatietijd 
van de corresponderende resonanties en de gebruikte repetitietijd, om voor 
beiden een maximale SNR te bereiken. 
Na de methode te hebben getest met snelle metabolische 13C imaging van 
een fantoom gevuld met een oplossing van 13C gelabelde glucose, lactaat en 
natrium-octanoaat, zijn er in-vivo dynamische metingen van de 31P 
metabolieten phosphocreatine (PCr) en β-adenosine triphosphate (β-ATP) in 
een menselijke dijbeenspier gedaan, allebei op 7T. De metabolietverdeling en 
concentratie van PCr en β-ATP zijn naast elkaar afgebeeld in één beeld in een 
acquisitietijd van 2 min. Beide metabolietverdelingen kunnen individueel met 
het anatomische beeld worden gematched. Omdat de concentratie van β-ATP 
in spier lager is dan van PCr, kan β-ATP niet met dezelfde hoge tijdresolutie als 
PCr worden onderzocht. 
De lage signaalintensiteit van β-ATP verhinderde een dynamische analyse van 
deze resonantie, maar PCr kon met een tijdsresolutie van 20s worden 
opgenomen. De verandering van de signaalintensiteit van PCr in de tijd kon in 
meerdere spieren simultaan worden gemeten door middel van sommatie van 
het PCr signaal binnen de gewenste spiercontouren. Metabolische imaging is 
interessant voor dynamische studies vanwege de snelheid, met als nadeel dat 
alleen een subset van metaboliet-resonanties wordt weergegeven in plaats van 
het hele spectrum. Naast spieren kan dit concept ook eenvoudig op andere 
weefsels worden toegepast, en worden uitgebreid naar ander MR-
detecteerbare kernen, zolang de signaalintensiteit voldoende is. 
Deze nieuwe x-kern imagingmethode is niet geschikt voor dynamische studies 
van volledige 31P MR spectra van spierweefsel: daarvoor blijven MRS of MRSI 
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nodig. De meest gebruikte methode om 31P MR spectra van spieren op te 
nemen is de “pulse-acquire” methode met een oppervlakte- of volumespoel 
om het been heen, waarbij de enige signaallocalisatie wordt bereikt door het 
profiel van de spoel. Door echter het hele FOV van de spoel te exciteren leidt 
deze methode tot verstoringen in de spectra, veroorzaakt door brede 31P 
resonanties afkomstig uit de botten. Deze verstoringen kunnen worden 
verhinderd door alleen het volume van interesse binnen de spier te exciteren, 
zoals gedaan met de SPECIAL-sequentie voor gelokaliseerde 31P MRS die staat 
beschreven in hoofdstuk 4. 
 
Deze SPECIAL-sequentie is uitgerust met GOIA_WURST(16,4) refocusing 
pulsen om B1 inhomogeniteiten en de vergrote chemical shift-artefacten in 
plakselectieve richting te overwinnen, die zijn veroorzaakt door het hoge 
magnetische veld (7T).  De echotijd van 11.4 ms was lang genoeg om de 
brede spectrale componenten te laten vervallen, maar kort genoeg om 
signalen van de ATP resonanties te meten, die door J-modulatie tijdens de 
echotijd defaseren. Daarom leveren de met de SPECIAL sequentie 
opgenomen spectra een vlakke basislijn en goed te onderscheiden resonanties 
van Pi, PCr, γ-ATP and α-ATP op, zonder contaminerende signalen vanuit de 
botten. 
De SNR verkregen met de SPECIAL-sequentie in een 12,5 ml voxel binnenin 
een spier in een muizenpoot was ongeveer even groot als die in een FID-
opname van het hele muizenbeen, beide metingen met een vergelijkbare 
tijdresolutie. De tijdresolutie van TA = 4:48 min was goed genoeg om ischemie 
in een gekozen spier te volgen. Een mogelijke limitatie van de singel voxel 
SPECIAL-sequentie is echter dat hij gebruik maakt van een subtractieschema, 
wat hem gevoelig maakt voor beweging. Dit zou bijvoorbeeld een probleem 
kunnen zijn in studies waarbij met spiercontracties wordt gewerkt. In 
tegenstelling tot het meer gebruikelijke ISIS acquisitieschema, worden in de 
SPECIAL-sequentie de signalen slechts in één richting van elkaar afgetrokken. 
Daardoor kan de richting van de subtractie zo worden gekozen, dat 
bewegingsartefacten zo klein mogelijk zijn.  
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Naast 31P metingen van het energiemetabolisme in spierweefsel behandelt dit 
proefschrift vooral 1H MRSI van de menselijke prostaat. In de context van 
prostaatkanker zou MRSI met name voor het bepalen van de agressiviteit van 
tumoren waardevol kunnen zijn, wat op dit moment een van de belangrijkste 
uitdagingen in de diagnose van prostaatkanker is. In prostaat-MRSI worden de 
protonsignalen van citraat (Cit), choline (Cho), creatine (Cr) en polyamines 
gedetecteerd. In tumorweefsel zijn de niveaus van citraat lager dan in gezond 
weefsel, terwijl choline-niveaus gewoonlijk toenemen. Daardoor is de 
verhouding van choline tot citraat een geschikte biomarker om prostaatkanker 
te beschrijven. 
Prostaatspectra worden echter vaak verstoord door signalen vanuit het rondom 
de prostaat gelegen vet. Deze vetsignalen kunnen met de citraatsignalen 
overlappen, waardoor oncontroleerbare fase-effecten ontstaan en een juiste 
bepaling van de integraal van het citraatsignaal wordt verstoord. Deze overlap 
bemoeilijkt dus de kwantificatie van spectra en daarmee de karakterisatie van 
tumoren. Dit speelt met name  aan de randen van de prostaat. Naast het 
onderdrukken van achtergrondsignaal met saturatiebanden (‘outer volume 
suppression’ of OVS) en vetsupressiepulsen is een accurate lokalisatie van het 
volume van interesse (VOI) essentieel om vetcontaminatie te minimaliseren. 
Nauwkeurige lokalisatie kan worden bereikt met behulp van adiabatische RF 
pulsen met een hoge bandbreedte, waarmee chemical shift 
verplaatsingsartefacten worden geminimaliseerd. 
Het gebruik van deze adiabatsche pulsen veroorzaakt echter een hoge afgifte 
van RF-vermogen aan het weefsel, wat wederom lijdt tot lange acquisitietijden 
om binnen de veiligheidslimieten te blijven. Acquisitietijden kunnen nog langer 
worden als een endorectale ontvangstspoel (ERC) wordt gebruikt, omdat dan 
de maximaal toegestane RF- vermogensafgifte lager is dan wanneer 
oppervlaktespoelen worden gebruikt, om rekening te houden met mogelijke 
koppelingen tussen de body-zendspoel en de ERC. Omdat ERC’s direct tegen 
de prostaat aanzitten en daardoor een hoge gevoeligheid hebben, worden ze 
vaak gebruikt om de SNR van prostaat-MRSI te verhogen. Om lange 
acquisitietijden vanwege de bijkomende RF-vermogensbegrenzing te 
vermijden, maar toch adiabatische pulsen te kunnen gebruiken, zijn hierbij RF-
8. 
Chapter 8 		
	154 
pulsen met een laag vermogen wenselijk.  
In hoofdstuk 5 is een semi-LASER sequentie uitgerust met laag-vermogen 
GOIA_WURST(16,4) refocusing-pulsen. De metingen zijn uitgevoerd bij 3T met 
een ERC. De GOIA_WURST(16,4) pulsen leveren een vlak en scherp plakprofiel 
en een hoge bandbreedte van 10 kHz om het chemical shift 
verplaatsingsartefact (CSDE) te reduceren. Dankzij de gemoduleerde 
gradiëntvorm bovenop de frequentie- en amplitudemodulatie die in gangbare 
adiabatische pulsen wordt gebruikt, hebben GOIA-W(16,4) pulsen minder RF-
vermogen nodig om de adiabatische conditie te vervullen. Het lage benodigde 
RF-vermogen maakt het gebruik van een ERC voor MRSI, binnen meettijden 
die acceptabel zijn voor klinische onderzoeken, mogelijk. 
De timing van de sLASER-sequentie is geoptimaliseerd voor toepassing op de 
menselijke prostaat, zodanig dat de amplitude van het binnenste doublet van 
Cit werd gemaximaliseerd en die van de buitenste resonanties werd 
geminimaliseerd. Zo werd de SNR van Cit verhoogd en de overlap van zijn 
buitenste resonanties met aangrenzende resonanties geminimaliseerd. Water- 
en vetsignalen werden onderdrukt door middel van MEGA pulsen. 
Met deze 3D 1H MRSI sequentie zijn artefactvrije spectra met goed gescheiden 
metabolietsignalen van de hele prostaat verkregen, waarbij de SNRs van citraat 
en choline vergeleken met PRESS-acquisitie was verhoogd met factoren van 
respectievelijk 2,6 en 1,3. Verder bleek het mogelijk om met de GOIA-sLASER 
sequentie signalen van myo-Inositol (mI) en taurine (Tau) te detecteren, 
vanwege de kortere TE, betere SNR en de hoge kwaliteit van de spectra. Dit 
geeft de mogelijkheid om te onderzoeken of er correlaties tussen deze 
metabolieten en tumorweefsel kunnen worden gevonden en of ze als 
tumormarkers kunnen worden gebruikt. 
 
De hogere SNR van prostaatspectra die met de GOIA-sLASER sequentie kan 
worden bereikt, kan worden gebruikt voor een accuratere bepaling van de 
relatieve metabolietniveaus, of voor het verhogen van de plaatsresolutie of de 
tijdsresolutie. Dit laatste vergt echter een flexibelere manier van sampling van 
de k-ruimte dan wat momenteel wordt gedaan. In hoofdstuk 6 is de GOIA-
sLASER sequentie gecombineerd met een spiraalvormig acquisitieschema van 
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de k-ruimte om de inflexibiliteit van conventionele Cartesische fasecodering te 
overwinnen. 3D MRSI van de gehele prostaat kon hiermee binnen 5 min 
worden opgenomen. 
Kortere acquisitietijden zijn klinisch aantrekkelijk, en maken de opname 
bovendien minder gevoelig voor (b.v. peristaltische) beweging, die de 
spectrale kwaliteit negatief beïnvloedt. Verder maakte de flexibiliteit van 
spiraalvormige k-ruimte sampling het mogelijk om FOV en matrixdimensies 
aan te passen aan iedere prostaat zonder concessies te hoeven doen in 
spatiële resolutie of acquisitietijd. Bovendien resulteerde de spiraalvormige k-
ruimte sampling in kleinere werkelijke voxelvolumina dan elliptische 
fasecodering, waardoor het partieel volume-effect werd gereduceerd en 
daardoor een nauwkeurigere lokalisatie van metabolieten werd bereikt. 
Een andere mogelijkheid om de verhoogde SNR van de GOIA-sLASER 
sequentie te benutten is om 3D prostaat MRSI uit te voeren zonder ERC, wat is 
beschreven in hoofdstuk 7. Hoewel ERC’s vergeleken met oppervlaktespoelen 
meer signaal leveren, vraagt het gebruik van ERC’s in de kliniek veel tijd en is 
oncomfortabel voor de patiënten. Bovendien zijn zonder ERC de limieten voor 
RF-vermogensdepositie hoger, waardoor de repetitietijd kan worden verkort, 
naar bijvoorbeeld 630 ms. Op deze manier kunnen acquisitietijden van 5 min 
worden gerealiseerd. In een kleine patiëntengroep kon hiermee Cit accuraat 
worden gekwantificeerd in alle voxels, maar was het Cho signaal moeilijker te 
detecteren vanwege signaalsaturatie bij korte TR’s (< 1s) en de lage Cho 
concentratie in de bestudeerde patiëntengroep. Voor een betrouwbaardere 
detectie van Cho wordt een TR ~ 1s aanbevolen, wat zou leiden tot een 
acquisitietijd van circa 8 min. 
Het gebruik van een oppervlaktespoel voor signaalontvangst in plaats van een 
ERC is voordelig voor het meten van ruimtelijke metabolietverdelingen zonder 
invloed van het inhomogene spoelprofiel van de ERC. Daardoor was het niet 
nodig om MR spectra zoals gebruikelijk verhoudingen tussen 
metabolietsignalen te onderzoeken, maar konden metabolietniveaus direct als 
metaboliet-beelden worden weergegeven, zonder voor de ruimtelijke variatie 
van het spoelprofiel te corrigeren. 
Met zowel de GOIA-sLASER-Spiral acquisitie als de GOIA-sLASER acquisitie 
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zonder ERC konden Cit-niveaus betrouwbaar worden gemeten in de gehele 
prostaat, maar waren Cho en Cr moeilijker te detecteren vanwege hun lagere 
concentraties. Dit hoeft echter niet per se een nadeel te zijn voor het 
karakteriseren van prostaattumoren, omdat het Cho-niveau hierin is verhoogd 
ten opzichte van normaal weefsel. Zolang het verhoogde Cho-signaal in 
kwaadaardig weefsel betrouwbaar kan worden gedetecteerd, is de SNR van 
deze methoden voldoende. Dit moet echter worden geëvalueerd in grotere 
klinische studies met een solide pathologische referentiestandaard voor 
prostaatkanker. 
Algemeen geeft de GOIA-sLASER sequentie spectra van goede kwaliteit, 
zonder contaminatie van vetsignalen en binnen een redelijke meettijd. Prostaat 
MRSI met de GOIA-sLASER sequentie is aanzienlijk robuuster dan met de 
gebruikelijke PRESS sequentie, waardoor te verwachten is dat de GOIA-
sLASER sequentie een grote invloed zal hebben op de klinische implementatie 
van 1H MRSI van de prostaat. 
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Dankwoord 
Toen ik 2009 voor mijn promotieonderzoek naar Nijmegen kwam, deed ik dit 
naast het leuke onderwerp ook een beetje om ervaring in het buitenland op te 
doen, ook al is Nederland natuurlijk niet heel ver weg van Duitsland. 
Ondertussen is Nederland mijn tweede thuis geworden en ik ben bang dat de 
tijd in Nijmegen voor mijn CV niet meer als buitenlandervaring telt. Of is 
Duitsland nu mijn buitenlandervaring? 
Tijdens mijn promotie ben ik heel veel mensen tegengekomen die op de een 
of andere manier hebben bijgedragen aan het boekje, en velen van hun ook 
aan het thuisgevoel, waarvoor ik erg dankbaar ben. 
 
Arend, jij hebt mij toen de mogelijkheid gegeven het avontuur in de exotische 
stad tussen Waal en Maas te beginnen. Mijn niet-biomedische achtergrond 
bleek geen hinder te zijn om mij aan te nemen in je onderzoeksgroep. In 
tegendeel, want achteraf begreep ik dat juist de mix van promovendi met net 
iets andere achtergronden afkomstig uit verschillende landen de MRS-groep 
maken tot wat ze is: een internationale, wetenschappelijk complementaire, 
gezellige en warme thuis-voel-groep. Je hebt erg veel handigheid bewezen in 
het vormen van deze groep! 
Net zo divers als de groep is ook je kennis over MR en zijn je ideeën over 
mogelijke onderzoeksprojecten. We hebben heel veel projecten gedaan, maar 
helaas lukten ze niet allemaal. Maar ook al raakte ik soms vertwijfeld, bleef jij 
altijd enthousiast en maakte je nooit zorgen dat het niet goed zou komen. Je 
zult gelijk krijgen, het is gelukt J. 
Bedankt, dat je mij zowel het enthousiasme over MR, als ook inhoudelijk 
ontzettend veel hebt geleerd! 
Tom, vooral in het begin heb je mij helpen opstarten met mijn onderzoek en 
het schrijven van MR-sequenties. Ik heb heel veel ervaring en kennis opgedaan 
tijdens de scan-excursies naar Essen en bovendien was het ook altijd gezellig 
daar. Bedankt voor je kritische blik en je onconventionele ideeën. 
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Dear Patrícia and Barbara, thank you for being my paranymphs. Thank you for 
your company during my PhD and after, for your open ears, shared worries and 
your “gezelligheid”. 
Patricia en Alan, thank you very much for your friendship, for your care and 
warmth, all the Portuguese dinners, holidays in Portugal and your hospitality in 
London. Unfortunately we see each other less regular then before, but every 
time it’s like it was yesterday! I wish you two all the best for your scientific 
careers, but even more a happy life with your little Gabriela! May a lot 
Nijmegen-London and London-Nijmegen trips follow! Obrigada! 
Barbara, leuk dat je ook bij het Radboudumc kon blijven en wij zo geregeld 
samen kunnen gaan lunchen. Gezellig! Ik heb veel aan jou mening en je 
pragmatische oplossingen gehad. Maar snel weer een afspraak inplannen! 
 
Mijn roomies: Thiele, Alan, Bob, Miriam, Andi en Tom P., maar ook Jan, Jan-
Jurre, Babak, Pragnya en Thijs. Bedankt voor de gezelligheid  en leuke 
discussies, niet altijd over wetenschap. 
Thiele (aka DJ Sub-Thiele), je was mijn eerste roomie en bleef het tot het eind. 
Bedankt voor de velen koffiepauzes, borrels, skivakanties en andere 
activiteiten, die zonder jou vaak niet hadden plaats gevonden. Bedankt ook, 
dat je mij zonder aarzelen in jouw huis hebt laten wonen toen ik tijdelijk zonder 
eigen verblijf zat. Super tof! We blijven elkaar tegen komen! 
Miriam, jij doet het andersom, emigreren van Nederland naar Duitsland, 
sterker nog: Naar Bayern! Schade, dass mia uns 'etz ned mehr so häufig seng. 
Vuin Dank fia dei Fröhlichkeit, de interessandn Diskussiona üba MR sequenzen, 
des gmoasame Fluchn üba IDEA, de Gselligheid während Koffeepausn, bei 
vuin Borrels und auf da Skipiste! Ois guade in Ealangn. Hoffentlich bis ganz 
boid! 
Bob, aan jou is een groot deel van mijn integratie te danken: “Isabell volgt een 
Nederlands-cursus, vanaf nu praten wij Nederlands met haar!”. Dit leidde 
inderdaad tot een heel steile leercurve van mijn Nederlands. Maar ook bij 
IDEA-taalfouten wist je altijd te helpen. En vaak begrepen wij elkaars frustraties 
ook zonder woorden. Bob, wij blijven elkaar tegen komen, de fysicawereld is 
klein! 
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Tom P., niemand kan zich zo heerlijk opwinden als jij, en bij niemand is het 
tegelijkertijd zo grappig. Bellen met NS, hilarisch! Wat hebben wij traantjes 
gelachen samen! 
Andi, mit dir kam Schweizer Charme und Freundlichkeit in unser Büro. Und die 
Sehnsucht nach Bergen, die ich nur zu gut nachvollziehen kann. Wir kommen 
sicher nochmal nach Grindelwald, um Eiger, Mönch und Jungfrau bei schönem 
Wetter zu sehen! Versprochen! 
Jan, Jan Jurre, Babak, Pragnya en Thijs, jullie waren ons venster naar de DIAG 
groep, the dark side. Ondanks jullie in de verkeerde researchgroep zaten, 
hebben wij best veel plezier en grappige discussies met jullie gehad! Jullie 
mochten op de kamer blijven ;-) 
 
Nassim, it was a pleasure working with you. And, even more important, thank 
you very much for your friendship and hospitality! I wish you and Kasra good 
luck in Canada. I will miss you! 
Bart Siemens, ik heb je tijdens je afstudeerproject mogen begeleiden bij het 
inbouwen van de spiral in de GOIA-sLASER. Mooi, dat we daaraan een leuk 
artikel hebben overgehouden. Ook jij bedankt voor de samenwerking. 
Andor, Sjaak en Mark, jullie zijn de constanten in de groep, op jullie kun je 
altijd rekenen.  
Andor, wij hebben heel veel uren bij de ClinScan doorgebracht. Je kent alle 
trucjes en kneepjes, en je goede humeur is  aanstekelijk. Altijd zo houden! 
Sjaak(ie), bedankt voor het simuleren van het basis-set, al je gezelligheid, je 
buitengewone smaak voor vrolijke overhemden en je muzikale toevoegingen.  
Mark, wij hebben inhoudelijk niet veel samengewerkt, maar toch bedankt voor 
je input en je gezelligheid. 
Vincent, leuk dat je weer terug komt naar de MRS-groep, dan kom ik je zeker 
ook weer wat vaker tegen. Wij hebben veel interessante MR-discussies gehad 
en ook wat lekkere biertjes en gezellige etentjes. 
Fernando, ha sido una alegría soñar contigo de Argentina, bifes de lomo y 
dulche de leche. Algún día te visitaré en Argentina! 
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But there are a lot of more people who have made the MRS-group so special: 
Jannie, Christine, Kim, Edwin, Hetty, Valerio, Eline, Yi, Linda, Evita, Bart vd B, 
Frits, Anne, Houshang, Devashish, Marc, Morteza, Marcel, Maarten, Martijn, 
Joyce en Kristian. Thank you for all the coffee breaks, cake eating in the GLC, 
borrels at the Aesculaaf, dinners, conference trips, ski vactions and other 
group-activities. You were always very interested and helpful and a lot of you 
have volunteered for me at some point. Thank you all very much! 
Rianne en  Cindy, jullie hebben mij veel geholpen bij de scanner! En altijd een 
vrolijk sfeertje!  
Solange, het blijft gezellig om even bij jou binnen te lopen. Toen ik begon, 
heb je vaak Duits met mij gesproken, vond ik erg leuk! Organisatorisch heb je 
mij veel kunnen helpen. Je bent de goede ziel van het research-secretariaat. 
 
Martina, KlaasJan en Henk, bedankt voor jullie vertrouwen mij als Klifio aan te 
nemen, ondanks dat mijn promotie nog niet was afgerond. En bedankt voor 
jullie steun en af en toe een schopje.  
 
Stefan, ohne dich wäre ich möglicherweise nie nach Nijmegen gegangen. 
Vielen Dank für die tolle Zeit am Vlietberg und die Unterstützung in den ersten 
zwei Jahren meiner Promotion. Auch du bist geblieben, alles Gute für deine 
Zukunft in NL. 
 
Beste DGWers, beste Noortje en Michiel, Mónica en Christian, Bianca en 
Pepijn, Sandra en Chris, Jantine en Bart, Laura en Freek, Stefanie en Martin, 
Simone en Mark en beste Dhiradj. Bedankt voor jullie interesse in mijn 
promotie, vooral met Noortje en Dhiradj kon ik altijd over promotie- en 
wetenschapskwaaltjes sparren. Maar voornamelijk bedankt voor jullie 
gezelligheid tijdens verjaardagen, DGW-weekenden, de skivakantie en andere 
activiteiten! 
  
Beste Agnès, Hans, Saskia en Wichor, mijn schoonfamilie. Bedankt voor jullie 
gezelligheid en steun. Jullie hebben altijd veel interesse in de voortgang van 
mijn onderzoek getoond. Het is af, nu is Wichor aan de beurt. 
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Auch wenn ich jetzt in Nijmegen wohne, bleiben auch Siegen und Deutschland 
immer mein Zuhause. Das liegt natürlich auch an meinen Freunden und meiner 
Familie dort. 
Chrissi, Michi, Lisa, Anna, Gaëtan und Tristan, ich kenne euch schon seit der 
Schulzeit, schön, dass wir Freunde geblieben sind. Ich freue mich auf unser 
nächstes Wiedersehen! 
Tante Margret und Onkel Hermann, ihr wart immer sehr interessiert in sowohl 
kosmische Teilchen als auch MR. Schade, dass Tante Margret heute nicht mehr 
dabei sein kann, sie hätte es sicher sehr spannend gefunden. Onkel Hermann, 
für dich gibt es hiermit neuen Lesestoff! 
Liebe Quäste, ihr habt mit mir gelitten und euch mit mir gefreut. Vielen Dank 
für eure seelische Unterstützung! 
Liebe Alissa, beste Schwester der Welt! Was sind wir gemeinsam groß und 
erwachsen geworden. Danke, dass du und Florian immer für mich da seid! 
Vieles haben wir weggelacht und manchmal habt ihr auch einfach mit 
geschimpft. Schön, dass wir uns so oft sehen und immer noch unzertrennlich 
sind! Dicker Kuss! 
Liebe Mama und Papa, ohne euch wäre ich nicht wo ich bin! Vielen Dank für 
eure bedingungslose Unterstützung, euer Vertrauen in mich und die 
Gewissheit, dass ihr immer für Lissa und mich da seid, egal was passiert! Ich 
hab euch lieb! 
De laatste worden zijn voor jou, Marnix. Je hebt mij inhoudelijk heel veel 
geleerd en ondersteund en nog steeds hebben wij geregeld leuke discussies 
over MR. Maar meer dan voor de inhoudelijke hulp, wil ik je bedanken voor je 
persoonlijke steun! Je was er altijd voor mij, hebt alle ups en downs 
meegemaakt, had altijd begrip voor mij en mijn humeur en wist mij toch altijd 
weer op te bouwen. Wat hebben wij het fijn met elkaar! 
Het boekje is af, gelukkig. Wir haben es geschafft. Op naar alle nieuwe 
uitdagingen die er mogen komen!  
Ik hou ontzettend van jou! Bij jou ben ik thuis!  
  D 
Dankwoord 	
	 165 
 
  D 
List of Publications 	
	166 
List of Publications 
Peer reviewed journals 
 
I.K. Steinseifer, J.P. Wijnen, B.C. Hamans, A. Heerschap, T.W.J. Scheenen  
Metabolic imaging of multiple x-nucleus resonances. 
Magn Reson Med. Jul 2013; 70(1): 169-75.  
I.K. Steinseifer, J.J. van Asten, E. Weiland, T.W.J. Scheenen, M.C. Maas, A. 
Heerschap 
Improved volume selective 1H MR spectroscopic imaging of the prostate with 
gradient offset independent adiabaticity pulses at 3 tesla. 
Magn Reson Med. Oct 2015; 74(4): 915-24. 
I.K. Steinseifer, B.W. Philips, B. Gagoski, E. Weiland, T.W.J. Scheenen, A. 
Heerschap 
Flexible proton 3D MR spectroscopic imaging of the prostate with low-power 
adiabatic pulses for volume selection and spiral readout. 
Magn Reson Med. Mar 2016 [Epub ahead of print]. 
N. Tayari, I.K. Steinseifer, K.M. Selnæs, T.F. Bathen, M.C. Maas, A. Heerschap  
High quality three-dimensional 1H MR spectroscopic imaging of the prostate 
without endorectal receive coil using a semi-LASER sequence. 
Invest Radiol, Dec 2016, submitted. 
 
 
  
 P 
List of Publications 	
	 167 
Conference proceedings 
 
I.K. Steinseifer, J.P.Wijnen, B.C.Hamans, A.Heerschap and T.W.J.Scheenen 
Fast 31P metabolic imaging of human muscle 
Oral presentation, 7T Thematag at the Erwin L. Hahn Institut, Essen, Germany 
I.K. Steinseifer, J.P.Wijnen, B.C.Hamans, A.Heerschap and T.W.J.Scheenen 
Fast metabolic imaging 
Oral presentation, 2nd ISMRM Benelux, 2010, Utrecht, Netherlands 
I.K. Steinseifer, J.P. Wijnen, B.C. Hamans, A. Heerschap and T.W.J. Scheenen 
Fast 31P metabolic imaging of human muscle  
Poster presentation, Joint Annual Meeting ISMRM-ESMRMB, 2010, Stockholm, 
Sweden 
I.K. Steinseifer, J.P.Wijnen, B.C.Hamans, A.Heerschap and T.W.J.Scheenen 
Fast metabolic imaging at 7T  
Oral presentation, Dynamic NMR Spectroscopy Study Group, Joint Annual 
Meeting ISMRM-ESMRMB, 2010, Stockholm, Sweden 
I.K. Steinseifer, R. Mekle, T.W.J. Scheenen and A. Heerschap  
Implementation of GOIA-Wurst pulse in a SPECIAL localization sequence at 7T 
Oral presentation, 3rd ISMRM Benelux 2011, Hoevenen, Netherlands  
I.K. Steinseifer,  R. Mekle, T.W.J. Scheenen, R. Gruetter, A. Heerschap 
Implementation of GOIA-Wurst pulse in SPECIAL localization sequence at 7T  
Poster presentation, 19th ISMRM, 2011, Montréal, Canada 
I.K. Steinseifer, P.M. Nunes, M.C. Maas, T.W.J. Scheenen, A. Veltien, R. 
Mekle, R. Gruetter and  A. Heerschap  
Localized 31P MRS with a modified SPECIAL pulse sequence in mouse skeletal 
muscle at 7T 
Poster presentation, 4th ISMRM Benelux, 2012, Leuven, Belgium 
P 
List of Publications 	
	168 
I.K. Steinseifer, P.M. Nunes, M.C. Maas, T.W.J. Scheenen, A. Veltien, R. 
Mekle, R. Gruetter and A. Heerschap  
Localized 31P MRS with a modified SPECIAL pulse sequence in mouse skeletal 
muscle at 7T 
Poster presentation, 20th ISMRM 2012, Melbourne, Australia 
I.K. Steinseifer, M.C. Maas, T. Kobus, T.W.J. Scheenen, A. Heerschap 
Implementation of GOIA-Wurst(16,4) pulses in the semi-LASER sequence for 
SAR-reduction in prostate MRSI 
Poster presentation, 21st ISMRM, 2013, Salt Lake City, USA 
I.K. Steinseifer, B.W. Philips, B. Gagoski, M.C. Maas, E. Weiland, T.W.J. 
Scheenen, A. Heerschap  
Fast 1H-MRSI of the prostate with GOIA-sLASER localization and spiral 
acquisition            
Poster presentation, 6th ISMRM Benelux, 2014, Maastricht, Netherlands 
I.K. Steinseifer, B. Philips, B. Gagoski, M.C. Maas, E. Weiland, T.W.J. 
Scheenen and A. Heerschap 
Fast 1H-MRSI of the prostate with GOIA-sLASER localization and spiral 
acquisition 
Poster presentation, Joint Annual Meeting ISMRM-ESMRMB, 2014, Milan, Italy 
 
 
  
 P 
List of Publications 	
	 169 
Awards 
 
Magna cum laude award, Joint Annual Meeting ISMRM-ESMRMB, 2014, Milan, 
Italy 
I.K. Steinseifer, B. Philips, B. Gagoski, M.C. Maas, E. Weiland, T.W.J. 
Scheenen and A. Heerschap 
Fast 1H-MRSI of the prostate with GOIA-sLASER localization and spiral 
acquisition 
Editor’s pick of October 2015, Magnetic Resonance in Medicine 
I.K. Steinseifer, J.J. van Asten, E. Weiland, T.W.J. Scheenen, M.C. Maas, A. 
Heerschap 
Improved volume selective 1H MR spectroscopic imaging of the prostate with 
gradient offset independent adiabaticity pulses at 3 tesla. 
 
 																				
P 
About the author 	
	170 
												
  
 CV 
About the author 	
	 171 
Curriculum Vitae 
 
Isabell Steinseifer was born on April 13th, 1984 in Siegen, North Rhine- 
Westphalia, Germany. She attended high school at the Fürst-Johann-Moritz-
Gymnasium, where she received the “Abitur” in 2003. In the same year she 
started studying physics at the University of Siegen. During her Bachelor 
studies she spent two months as a Summer Student at DESY in Hamburg, 
Germany, where she worked in the research group of Dr. Ties Behnke. She 
performed simulations of a prototype of a Time Projection Chamber for a 
future International Linear Collider. During her Master she did one year of 
research at the Experimental Particle Physics group, taking part in ultra-high 
energy cosmic ray studies performed at the Pierre Auger Observatory in 
Argentina. For that reason she did a half-year internship at the Instituto 
Balseiro in San Carlos de Bariloche, Argentina, supervised by Prof. Ingomar 
Allekotte. She wrote her thesis about “Energy calibration of the Pierre Auger 
Observatory using the constant intensity cut method” under final supervision of 
Prof. Ivor Fleck. In October 2008 she received her Master’s diploma in physics. 
 
In January 2009 Isabell started as a PhD student at the Biomedical MR group of 
Prof. Arend Heerschap at the Radboud University Medical Center in Nijmegen, 
The Netherlands. She was awarded a Marie Curie fellowship of the FAST 
Research and Training Network to program fast MR sequences for metabolite 
imaging and spectroscopy. Within the FAST Network she visited the Centre 
d’Imagerie BioMédicale (CIBM) at the Ecole Polytechnique Fédérale de 
Lausanne (EPFL), Switzerland, for an internship. Later she worked on robust 
prostate MRSI, funded by the Dutch Cancer Society (KWF). 
 
Since February 2015 Isabell is a Medical Physicist Trainee at the Radiotherapy 
department of the Radboudumc in Nijmegen.  								 			
 CV 
	
